




STUDY OF FIELD EMISSION AND IMPACT 
RESISTANCE CHARACTERISTICS OF 







(B.Eng., Dalian University of Technology 





A THESIS SUBMITTED 
FOR DEGREE OF DOCTOR OF PHILOSOPHY 
DEPARTMENT OF MATERIALS SCIENCE AND 
ENGINEERING 








I hereby declare that the thesis is my original work and it has 
been written by me in its entirety. I have duly acknowledged all 
the sources of information, which have been used in the thesis. 
 











First and foremost, I would like to express my deepest gratitude to my supervisor, 
Asst. Prof. Daniel Chua for offering me the opportunity to realize my dream in 
pursuing a higher degree of education. In the past four and a half years, he has 
provided me with valuable guidance, inspiration and encouragement in every stage of 
my studies and research. 
Second, I would like to express my heartfelt appreciation to Asst. Prof. Sow 
Chorng Haur for providing the field emission and plasma enhanced chemical vapor 
deposition facilities through my research. 
In addition, I would also like to show my sincere appreciation to Asst. Prof. 
Vincent Tan for allowing me to use the impact test facilities.  
I shall extend my thanks to Mr. Chen Gin Seng, Lim Xiao Dai in the Department 
of Physics and Mr.Low Chee Wah from Impact Mechanics Laboratory, who has 
helped me a lot in the setup and maintenance of the field emission measurement set 
up, plasma enhanced chemical vapor deposition, magnetron sputtering facility and 
impact gas gun system. 
I am also grateful to my dear friends and group members: Tang Zhe, Yu Jun, 
Foong Yuan Mei, Koh Ting Ting Angel, Le Quang Tri, Lim Su Ru, Hsieh Jovan, 
Chen Ting, Hu Yan, Tamie, Pham Kien Cuong, Roystan and Gabriel, who gave me 
their help when I was in the most difficult time along the journey of Ph. D study. 
Additionally, I am greatly indebted to all the staff and postgraduates in the 
Department of Materials Science and Engineering, who have ever sincerely helped 
me in various aspects. 
II 
 
Last but not least, I would love to express my most special appreciation to my 




Table of Contents 
Acknowledgements ____________________________________________________ I 
Table of Contents ___________________________________________________ III 
Summary___________________________________________________________ V 
List of Tables ______________________________________________________ VII 
List of Figures _____________________________________________________ IX 
List of Symbols and Abbreviations ____________________________________ XIV 
List of Publications _______________________________________________ XVII 
1 Introduction _____________________________________________________ 1 
1.1 Background _________________________________________________ 1 
1.2 CNT Composites _____________________________________________ 3 
1.2.1 Physical Nature of CNT ______________________________________ 3 
1.2.2 Properties of CNT Composites _________________________________ 5 
1.2.2.1 Electronic Properties _____________________________________ 5 
1.2.2.2 Mechanical Properties ____________________________________ 7 
1.2.3 Fluorination of CNT Composites _______________________________ 9 
1.3 Objectives__________________________________________________ 10 
2 Physics of Field Emission and Impact Resistance ______________________ 13 
2.1 Physics of Field Emission _____________________________________ 13 
2.1.1 Field Emission and Fowler-Nowdheim Theory ___________________ 13 
2.1.2 Influencing Factors of Field Emission Property ___________________ 17 
2.1.3 Fluorination on Field Emission Property of CNT__________________ 19 
2.2 Physics of Collisions _________________________________________ 20 
2.2.1 Failure Mechanisms of Collisions _____________________________ 20 
2.2.2 Energy Dissipation Theory ___________________________________ 22 
2.2.3 Fluorination Effect on Impact Resistance Property of CNT Composites 23 
3 Experimental Techniques _________________________________________ 27 
3.1 Sample Preparation Techniques _______________________________ 27 
3.1.1 Thermal chemical Vapor Deposition (TCVD) ____________________ 27 
3.1.2 Plasma-enhanced Chemical Vapor Deposition (PECVD) ___________ 28 
3.1.3 Metalorganic Chemical Vapor Deposition (MOCVD) ______________ 29 
3.1.4 Magnetron Sputtering _______________________________________ 30 
3.1.5 Reactive Ion Etching (RIE) ___________________________________ 30 
3.2 Materials Characterization Techniques _________________________ 31 
3.2.1 Raman Spectroscopy ________________________________________ 31 
3.2.2 X-ray Photoelectron Spectroscopy (XPS) _______________________ 32 
3.2.3 Field Emission Scanning Electron Microscopy (FESEM) ___________ 34 
3.2.4 Transmission Electron Microscopy (TEM) ______________________ 35 
3.2.5 Dynamic Mechanical Analyser (DMA) _________________________ 36 
 IV 
 
3.3 Device Testing Systems _______________________________________ 37 
3.3.1 Field Emission Measurement _________________________________ 37 
3.3.2 Impact Test Measurement ____________________________________ 39 
4 Field Emission Study of Fluorinated ZnO-CNTs Core-shell Nanocomposites41 
4.1 Introduction ________________________________________________ 41 
4.2 Experimental _______________________________________________ 46 
4.3 Results and Discussion _______________________________________ 48 
4.3.1 Fabrication of S-MWNTs and VACNTs ________________________ 48 
4.3.2 MOCVD of MoOx-ZnO and VACNTs __________________________ 50 
4.3.3 Sputtering of ZnO on S-MWNTs and VACNTs __________________ 56 
4.3.4 Etching Power Effect _______________________________________ 58 
4.3.5 Duration Effect ____________________________________________ 65 
4.4 Summary __________________________________________________ 70 
5 Impact Resistance Properties of CNTs Reinforced Abalone-shell-like Epoxy 
Composites _________________________________________________________ 73 
5.1 Introduction ________________________________________________ 73 
5.1.1 Abalone-shell-like Structure __________________________________ 74 
5.1.2 Selected Materials __________________________________________ 75 
5.1.3 CNT Enhancement in Impact Resistance Applications _____________ 76 
5.2 Experimental _______________________________________________ 77 
5.2.1 Fabrication of Fillers ________________________________________ 77 
5.2.2 Fabrication of Abalone-shell-like Epoxy Composites ______________ 78 
5.2.3 Characterization Methods ____________________________________ 79 
5.3 Preliminary Results and Discussion ____________________________ 80 
5.3.1 CNTs-CC Epoxy Composites _________________________________ 80 
5.3.2 CNTs-Silicone Abalone-shell-like Epoxy Composites _____________ 84 
5.4 Systematic Results and Discussion _____________________________ 89 
5.4.1 Fluorination of CNTs-CC on Impact Resistance Properties of Abalone-
shell-like Epoxy Composites _______________________________________ 90 
5.4.2 Impact Resistance Properties of CNTs-Silicone Abalone-shell-like Epoxy 
Composites _____________________________________________________ 95 
5.5 Summary _________________________________________________ 101 
6 Conclusion and Future Plan ______________________________________ 103 
6.1 Conclusion ________________________________________________ 103 
6.2 Future Plan _______________________________________________ 106 




Considerable effort has been made to modify carbon nanotubes (CNTs) by 
various approaches such as coating thin films to achieve conservation of energy in 
field emission application. Although pristine CNTs have found applications in 
academia and industry, the potential of CNT composites extends the range of these 
applications. In this work, there are two aims in this dissertation. The first is to 
study the effect of fluorination of ZnO/CNTs nanocomposites and its effects on the 
field emission performance. The second is to investigate the impact of fluorination 
of CNTs/carbon cloth and other alternatives to improve impact resistance 
properties of abalone-shell-like samples as a whole.  
The first set of experiments deal with triple-layered core-shell structure, where 
the effects of fluorine incorporation on the outmost shell of the ZnO/CNTs 
structure were studied. The samples prepared ranged from a short 2 mins to a 30 
mins immersion in carbon tetraflouride (CF4) plasma whose power supply varied 
from 10 W to 30 W. It is shown that F ions replace O in ZnO coatings during 
immersion process by x-ray photoelectron spectroscopy, thus increasing the 
electrical conductivity. In addition, the structure of CNT sidewalls is tuned by CF4 
plasma. Both physical and electronic effects further contributed to a lower 
threshold field.  
The second set of experiments work on having unique sandwich structures, 
mimicking that of the abalone shell, for the use of ballistic protection. Both CNTs-
CC and CNTs-silicone were used as soft cushioning layers in the hard-soft-hard 
sandwich structure. The CNTs on CC was varied through varying the growth 
duration. In this work, CNTs were found fully immersed into epoxy, thereby 
enhanced bonding between carbon fibers and epoxy. CNTs-CC with an ultra-long 
 VI 
 
growth duration of 120 mins was treated in CF4 plasma for 30 mins. However, the 
comparison made before and after fluorination indicated that energy absorption 
during the impact test hardly differentiated. Meanwhile, CNTs mixed into silicone 
matrix with mass concentration, to form cushion layer of the sandwich CNTs-
silicone epoxy structures. The impact tests results confirmed that energy absorption 
increased as velocity of projectile increased. All CNTs-silicone samples had very 
high energy absorption, up to 99.34%. The SEM and DMA results of CNTs-
silicone indicated that various levels of interlocking between CNTs and silicone 
thus modifying the storage and loss modulus of the cushioning soft layers. The 
quantitative analysis indicated that CNTs concentration of silicone epoxy 
composite could tune the allocation of energy absorption of impact energy.  
In conclusion, fluorinated ZnO/CNTs field emitters and fluorinated 
CNTs/carbon cloth abalone-shell-like epoxy samples were successfully fabricated 
for field emission and impact resistance applications respectively. The main 
enhancement factors influencing FE properties of ZnO/CNTs hybrid emitters were 
determined such as CNTs structure and electron transport ability. Also, the failure 
mechanisms of abalone-shell-like CNTs epoxy samples have been intensively 
studied. The FCNTs on CC and CNTs in silicone were the critical factors in 
triggering failures during the test. The physics and mechanics of FCNTs are better 
understood thus allowing future devices to operate under better control with 
improved performance.  
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In 1952, L.V. Radushkevich and V.M. Lukyanovich reported a kind of tubes 
made of carbon with diameter in 50 nm in their work published in the Soviet Journal 
of Physical Chemistry [1], however this milestone was hugely unnoticed. After almost 
40 years, in 1991, Iijima [2] announced his report of needle-like tubes of carbon – 
now widely known as “carbon nanotubes”. Carbon nanotubes (CNTs), at present, 
become one of the most exciting research topics in modern science and engineering, 
which are believed to be one of spectacular icons of the nanotechnology revolution. 
Many superb properties of CNTs have been explored by researchers all over the 
world in various areas. For example, shortly after the report by Iijima, it was 
demonstrated by theoretical studies that electronic properties of nanotubes were 
closely related to both tube structure and diameter [3-5]. The prediction had 
subsequently confirmed with many experimental observations by the end of 1990s 
and electronic devices using CNT started to be produced [3, 6]. Next to the electronic 
properties of CNTs, their mechanical properties surfaced to be another major research 
area. For example, in 1997, Yakobson et al. [7] published one article on American 
Scientist predicting a space elevator made of CNTs. Although this audacious 
imagination has not come to reality yet, it is based on the theoretical fact that CNTs is 
possibly the strongest fibre ever made. If considering their low density, CNTs are 
capable in a wide range of applications under extreme conditions. In sum, the superior 






In order to increase the vast applications of nanotube composites, there are many 
ways to make composites. On one hand, CNTs are popular reinforcement materials in 
many kinds of matrices [8-11]. For example, CNTs reinforced epoxy nanocomposites 
have been used in commercial automobiles, aircrafts and sporting equipment to 
enhance their mechanical properties and to lower the weight and cost at the same 
time. In addition, multi-functional CNT composites have been developed to utilize 
high electronic conductivity of CNTs to provide electromagnetic interference 
shielding, structural support, lightning strike protection and communication hardware 
for armour. Furthermore, nanotubes were also reported to impressively enhance 
numerous physical properties of conventional ceramics. For example, CNT ceramic 
composites not only conduct electricity, but also conduct heat or perform as a thermal 
barrier up to the orientation of the tubes, which extends the range of applications of 
ceramics [12]. There are other methods to enhance mechanical, electrical and 
tribological properties of metals by adding CNTs [13-15]. For example, Chen et al. 
demonstrated that the Ni–P–CNT electroless composite coating exhibited higher wear 
resistance and lower friction coefficient than Ni–P–SiC and Ni–P–graphite composite 
coatings [15]. On the other hand, CNTs can form core-shell structure with other 
materials [16-20]. For example, it was reported that highly efficient field emitter was 
formed by core-shell structure of CNT/Mo2O3 [17]. The combining nanocomposite 
took advantage of high-aspect ratio of CNTs.  Shottky junction formed at the interface 
of CNT and Mo2O3 bridged the gap between Fermi level of CNTs and the vacuum 
level for electrons. In addition, CNTs also can display magnetic property by filling 
CNTs with paramagnetic iron oxide particles [18]. The results showed that 100% of 
the CNTs became magnetic and could be easily controlled by external magnetic field, 





In the following, the physical nature of CNT and its nanocomposites will be 
introduced. Thereafter, some applications of CNT nanocomposites will be presented 
as well. In the end of next section, the fluorination of CNT composites will be 
focused.  
1.2 CNT Composites   
1.2.1 Physical Nature of CNT 
CNTs are of cylindrical nanostructure consisting only carbon atoms with high 
aspect ratio of up to 132,000,000:1, which is significantly larger than any other 
materials discovered so far [21]. As for its unique structure, the nanotubes are 
commonly considered as one-dimensional material. A single nanotube can be seen as 
a hollow cylinder constructed by rolling up one or a few graphene sheets with 
fullerene-like hemispheres at the two ends. The diameter of a nanotube varies much 
with the number of graphene sheets, but in nanometer scale [22]. CNTs can be 
categorized by number of walls. Single-walled CNTs (SWNTs) and multi-walled 
CNTs (MWNTs) are two main groups in the terms of the number of walls.  
Carbon positions at sixth in the periodic table with an electronic ground state 
configuration of 1s22s22p2. However, due to closeness of energy level between 2s2 
and 2p2 orbitals, the atomic orbital configuration turns to be 2s, 2px, 2py and 2pz 
orbitals. According to bonding condition, 2s orbital mixes with 2p orbitals to 
constitute hybrid molecular orbitals of sp, sp2 and sp3 [22]. The schematic illustration 








Figure 1.1 The schematic illustrations of sp, sp2 and sp3 hybrid carbon orbitals [22] 
The types of bonding of carbon atoms with their neighbours are determined by 
hybridization. Furthermore, the different properties of varied carbon forms directly 
result from various kinds of bonding. For example, in diamond, 4 electrons on 2s and 
2p orbitals mix together to form 4 equivalent σ bondings on sp3 orbitals with 
neighbouring carbon atoms, which results in diamond becoming the hardest natural 
material. While, in graphite, 3 in-plane σ bondings on sp2 orbitals bind a carbon atom 
with 3 equivalent neighbouring atoms and the extra covalent electron forms a π bond 
perpendicular to graphene plane. Similar to graphene, CNTs essentially are composed 





sp3 bondings are also often incorporated. The σ bondings within plane of nanotube 
shell keep carbon atoms in hexagonal network and the π bondings perpendicular to 
shell contribute to the interaction among individual nanotubes. CNTs can be classified 
based on the vector on a single graphene sheet which they are rolled up along. Due to 
the nature of graphene, there are 2 basic vectors on its plane. When the 
circumferential vector of CNT is paralleled with the basic vectors of the graphene 
sheet, the CNT is defined as “zigzag” type, which is metallic. On the contrary, when 
the circumferential vector of CNT is the direction between the 2 basic vectors of the 
graphene sheet, the CNT is defined as “armchair” type, which is semiconducting or 
semi-metallic. However, for the MWNTs studied in this work, it is difficult to define 
the electronic properties with current facilities. 
Due to the above nature, CNTs reveal unique, valuable and intriguing properties, 
which drive tremendous potential and a variety of applications of CNT composites. In 
the following, CNT composites and their different properties are to be introduced.  
1.2.2 Properties of CNT Composites 
Owing to unique nanostructure and bonding nature of CNTs, CNT 
nanocomposites possess many excellent electronic, magnetic, mechanical, optical and 
thermal properties. In this work, only the FE properties and impact resistance 
properties of CNTs nanocomposites are focused, therefore, only the electronic and 
mechanical properties of CNTs and their counterpart composites will be covered. 
1.2.2.1 Electronic Properties 
Having the same honeycomb lattice as graphene, CNTs can be metallic and 
semiconducting according to their structure. However, with the influence of curvature 





Moreover, the unique electronic properties of CNTs provide huge potential for 
modification and design of their composite materials. Especially, due to unique high-
aspect ratio and high electrical conductivity, CNTs are well known field emitters for 
many applications. 
CNTs were for the first time introduced as field emitters in 1995 [26]. They are 
considered as “perfect emitter” compared to other competitors attributing to its high 
aspect ratio, chemical inertness and high electrical conductivity. However, the 
MWNT tips gradually deteriorate during operation in field emission display (FED) 
owing to ion etching from residual gas, which significantly reduces the brightness of 
the display screen. In order to solve this problem, CNT composites were introduced. 
Among many coating materials, wide bandgap semiconductor (WBS) is used to 
protect MWNT tips from absorption or ion bombardment of residual gas molecules. 
Furthermore, WBS can decrease the effective work function of emitters, which 
correspondingly increases emissivity [27], although WBS coating flattens sharp 
MWNT tips a bit, which takes a relatively passive role for the electron emission. By 
analytical and computational modelling, D.Dragoman et al. provided a simple 
formula for the transmission coefficient of electrons emitted into vacuum through 
coated tip. Their model used two reduced sized triangular-barriers [28]. Recently, Yu 
Jun et al. studied molybdenum oxides coating grown by MOCVD on as-grown 
vertically aligned CNTs (VACNTs) at 200°C, 400°C and 700°C, where Mo(CO)6 was 
chosen as precursor [17]. After a comparison of FE properties among three types of 
samples, they found that the samples prepared at 400°C had the lowest turn-on field 
of 1.33 Vµm-1 and the highest field enhancement factor β estimated to be ~7000. It 





be due to both the surface shape of emitters and the decrease in effective barrier 
height. 
In addition, ZnO/CNTs composites are promising as novel field emitters, because 
zinc oxide is a wide bandgap semiconductor with a direct band gap of 3.37 eV. 
Moreover, it has already been proven as good field emitter material due to its thermal 
stability, oxidation resistance and negative electron affinity [29-33]. However, as we 
know, there are very few researches on MoOx and ZnO coated CNTs research 
regarding their FE properties. Therefore, in this work the mix of MoOx and ZnO 
coating on CNTs will be studied to compare to previous work. 
1.2.2.2 Mechanical Properties 
CNTs have attracted much attention from researchers regarding their superb 
mechanical properties. It is known as the strongest materials so far. Theoretically, its 
Young’s modulus can reach as high as 1.28 TPa [34]. This is mainly due to the strong 
sp2 σ bonding, where the length of sp2 is 0.14 nm compared to 0.15 nm of sp3. 
Therefore, the bond energy of sp2 bond is 60 kcal mol-1 higher than that of sp3 bond. 
Beyond their nature of bonding, the mechanical properties of CNTs can also be 
affected by tube diameter and number of walls. 
Due to the excellent mechanical properties, CNTs become popular fillers in 
various matrices. For example, A Allaoui et al. found that with the help of 1 wt.%  
and 4 wt.% of CNTs, the Young’s modulus and the yield strength were doubled and 
quadrupled respectively compared to the pure resin matrix samples [35]. Moreover, 
they also realized that the mechanical properties have close relationship to 
homogeneity of CNT composites. This rule is also applicable to ceramics matrices 
[12, 36-38]. G Yamamoto et al. investigated the issue of CNT-matrix connectivity 





dramatically increased by 27% and 25 % respectively after addition of 0.9 vol.% acid-
treated MWNT into alumina composites. 
CNT composites have been proven to be efficient impact resistance materials 
due to their outstanding mechanical properties [39, 40]. Since early attempt by Ajayan 
PM et al. was implemented to mix epoxy matrix with CNTs, hundreds of research 
publications have been focusing on reinforcing mechanical property of over 30 types 
of matrices [41]. Zdenko Spitalsky et al. reviewed previous research on CNT-polymer 
composites in terms of chemistry, processing and their electrical and mechanical 
properties [42]. In general, enhanced tensile strength, Young’s modulus, toughness 
and storage modulus of composites were found among all investigated matrices. For 
example, Agnihotri et al. grew CNT forests directly on carbon fibres (CFs), and 
embedded them into polyester matrix thereafter [43]. It was found that the length and 
density of CNTs were proportional to the growth time. Furthermore, both the storage 
modulus and the interfacial shear stress of CF-CNT/polyester composites showed 
continuous enhancement as the growth time increased up to 20 minutes (mins). On 
the contrary, longer growth time of CNTs caused poorer mechanical property of the 
composites. This may be attributed to higher density of CNTs forest leading to less 
interlocking between CFs and polyester matrix. Also, longer CNTs failed on their 
body in lieu of polyester. This indicated that failure mechanism of CNT/polymer 
composites varied with length of CNTs. Besides, It was reported that Laurence Vast 
et al. successfully dispersed purified and functionalized MWNTs into silicone 
elastomer [44]. As increasing the weight percentage, pure MWNTs slightly improved 
Young’s modulus of composite. But the functionalized MWNTs provided a 50% 
improvement instead. This result is attributed to higher level of interlocking between 





counterpart. From the literature review, it is clear that the interlocking and bonding 
between CNTs and matrix materials are critical with regard to mechanical property of 
composites. 
However, so far there have been very few researches on anti-ballistic properties 
of abalone-shell-like CNTs-silicone epoxy composites. This article will focus on both 
the CNT effects on anti-ballistic properties as well as the failure mechanisms. 
Considering the characteristics of CNTs-silicone/epoxy composites, unique 
combination of abalone-shell-like structure is highly expected to form low cost, 
lightweight and strong armours. 
1.2.3 Fluorination of CNT Composites 
Fluorine owns the highest electronegativity among all elements and has small 
atomic radius. As such, fluorination becomes a common way to modify FE property 
and mechanical property of CNT composites. On one hand, FE properties of CNT 
composites have close relations with chemical state of bonding and defects on field 
emitter, both of which can be tuned by fluorination. For example, Zhu et al. reported 
that the morphology and nanostructure of VACNTs were modified by CF4 plasma by 
reactive ion etching (RIE) method, where the CNTs were found to bundle with each 
other as treatment duration was prolonged, which somewhat reduced the screening 
effect, thereby FE properties of CNTs were enhanced [45]. In addition, emission 
current density of VACNTs was found to be increased also due to the opening of 
nanotube caps, optimized surface morphology and more defects generated during 
etching process. On the other hand, CNTs have been fluorinated to have stronger 
bonding with matrices in variety of composites for mechanical engineering purpose 
[46-48]. For example, Hiroaki Miyagawa and Lawrence T Drzal [47] found that the 





help of 0.30 wt.% of fluorinated single wall carbon nanotube (FSWCNT). That 
represented a 20% improvement compared with the neat epoxy. Meanwhile, the glass 
transition temperature decreased about 30 °C with an addition of 0.2 wt.% of 
FSWCNT. That was due to non-stoichiometry of the epoxy matrix which was caused 
by the F on the SWNTs. 
To sum up, fluorination is an effective method to increase the emission current 
density at relatively low power consumption and enhance bonding strength between 
CNTs and matrices in a controllable manner. Therefore, the work on fluorination of 
CNT composites in field emission and impact resistance applications will be explored 
here. 
1.3 Objectives 
According to the literature review, it is apparent that CNT composites have been 
proven very promising in both field emission and impact resistance applications. In 
addition, fluorination of CNT composites is a highly efficient method to improve their 
original performances. As such, the research work on FCNT composites is of 
significance to those two applications. However, to my knowledge, very few efforts in 
the past have been put into systematic study of FCNT composites in those two fields. 
Therefore, it is worthwhile to conduct this study in order to understand the 
mechanisms behind performance, thereby make low cost and practical products of 
higher performance. 
The main objectives of this study were to investigate the fluorination effect of 
proper CNT composites on their FE properties and impact resistance properties. More 
specific aims are listed below: 
1. Comparing the FE properties of MoOx and ZnO coated VACNTs to the 





2. Fabricating ZnO coated VACNTs and fluorinating them. 
3. Exploring critical factors of fluorination on FE properties of fluorinated ZnO 
coated CNT composites (FZnO/CNTs). 
4. Understanding the mechanisms of FE properties of FZnO/CNTs. 
5. Fabricating abalone-shell-like CNTs enhanced epoxy samples 
6. Studying the impact resistance properties of abalone-shell-like CNTs epoxy 
composites in terms of growth duration, concentration of CNTs and 
fluorination effect of CNTs. 
7. Studying the effectiveness of CNT-silicone/epoxy abalone-shell-like structure 
in energy absorption. 
8. Delving into the mechanisms of impact resistance properties of CNTs epoxy 
composites. 
The results of this systematic study should contribute to a deeper understanding 
of mechanisms of FCNT composites regarding their FE properties and impact 
resistance properties. Eventually, a low threshold voltage, high chemical stability and 
low cost field emitter is expected as well as a stronger and lighter alternative to 
current armour materials.  
After detailed review of physics of field emission and impact resistance theories 
in Chapter 2, all the experimental techniques will be introduced in Chapter 3. 
Thereafter, the results and discussion of two separate paralleled studies will be 
presented in Chapter 4 and Chapter 5, which are FE properties of FCNT composites 
and impact resistance of CNTs reinforced abalone-shell-like epoxy composites 
respectively. In Chapter 6, beyond the conclusion of current results, some currently 












2 Physics of Field Emission and Impact 
Resistance 
In Chapter 2, the physical theories of electron field emission and impact 
resistance will be individually reviewed in detail. For field emission application, 
section 2.1 starts with the definition of electron field emission and Fowler-Nordheim 
(F-N) theory. Subsequently, the main factors on field emission performance of CNTs 
are reviewed. In the end of section 2.1, FE properties of FCNT composites are 
examined. In section 2.2, energy dissipation theory is introduced. Thereafter, 
quantitative analytics of energy absorption is discussed.  Last but not least, previous 
research of fluorination on anti-ballistic materials is reviewed. 
2.1 Physics of Field Emission 
2.1.1 Field Emission and Fowler-Nowdheim Theory 
Electron field emission is a type of electron emission driven by an electrostatic 
field from the surface of solid or liquid to vacuum, which is different from thermionic 
emission, photoelectric emission and secondary emission. When it was discovered in 
late 19 century, extremely high electric field was needed to induce sufficient current 
densities to meet requirement of emerging technologies. Later on, it was learnt that 
topological structure of emitter surface could help intensify the localized field, 
thereby reduce the requirement of electric field to induce emission currents [49]. 
More specifically, electron field emission can be explained by quantum mechanics 
where electrons near the Fermi level can tunnel through energy barrier with the help 
of sufficiently high electric field [50]. Due to its mechanism, electron field emission is 
also called “cold emission”. It is superior to thermionic emission for certain 




applications such as flat display panel, SEM, STM. The surface potential under 
electric field applied of electron field emission is illustrated in Figure 2.1. 
 
Figure 2.1 The schematic illustration of surface potential diagram with applied 
electric field [51] 
Field emission phenomenon was firstly explained by F-N theory, a quantum 
mechanical model. It is still in use for most of materials to date, although the original 
F-N theory was used to solve the field emission from surface of metal [52]. In this 
model, some basic assumptions were made by Fowler and Nordheim. They assumed 
the surface energy barrier could be approximated to one-dimensional energy function 
without significant accuracy loss and Fermi-Dirac distribution could be applied. 
The electron emission current density from a metallic surface can be described 
by the equation:  
𝐽 =  ∫𝐷(𝜀) ∙ 𝑔(𝜀) ∙ 𝑓(𝜀)𝑑𝜀   (2.1) 
where 𝐽  represents the electron emission current density, 𝐷(𝜀)  represents the 
probability of electron at energy level to tunnel through energy barrier, 𝑔(𝜀) and 𝑓(𝜀) 
represent density of states and the Fermi-Dirac distribution at energy level of 𝜀 
respectively. 




Firstly, by definition, density of states is the number of states in the energy 
interval per unit volume of sample. Therefore the density of states around electronic 
energy of ε can be written as: 





√𝜀   (2.2) 
where 𝑚𝑒  represents electron mass, h represents the Planck's constant, 𝜀 represents 
electron energy. 
Secondly, Fermi-Dirac function describes the probability that a certain quantum 
state could be occupied by an electron associated with an energy value 𝜀  at 







    (2.3) 
where 𝜀𝐹 is the Fermi energy and kB is the Boltzmann constant. 
Furthermore, when T increases, the Fermi-Dirac distribution extends to higher 
energies. As the criteria of 𝜀 − 𝜀𝐹>>kBT, the 𝑓(𝜀) almost can be approximated as 
Boltzmann function 
𝑓(𝜀) = 𝑒𝑥𝑝 [− (𝜀−𝜀𝐹)
𝑘𝐵𝑇
]    (2.4) 
Last but not least, an electron can behave as wave, so there is possibility for an 
electron to pass through a potential barrier which is higher than its energy level. This 
is called quantum mechanical tunnelling phenomenon [53]. Thus, the tunnelling 
probability is defined as transmission coefficient T, which can be presented as: 
𝑇 = 𝑇𝑜𝑒𝑥𝑝 (−2𝑎𝑤)   (2.5) 
where 
𝑇0 = 16𝜀(𝛷−𝜀)𝛷2 , 𝑤2 = 2𝑚𝑒(𝛷−𝜀)ℎ2  (2.6) 




where h is the Planck’s constant, Φ represents the potential barrier height, 𝜀 
represents the potential energy of electron, 𝑤 represents the width of barrier at energy 
level 𝜀. 
If 𝑇𝑜 is considered to be ~1 in Equation (2.5) and Φ- 𝜀 =Φeff in Equation (2.6), 
then the probability of electron at Fermi level to tunnel through energy barrier can be 
approximated as  
𝐷(𝜀) ≈ 𝑒𝑥𝑝 [−2(2𝑚𝑒𝛷𝑒𝑓𝑓)1/2𝛷
𝑒ℎ𝜀
] (2.7) 
Thus, the emission current density can be calculated by replacing𝐷(𝜀), 𝑔(𝜀) and 
𝑓(𝜀) with Equation (2.2), (2.4) and (2.7). Taking into consideration of the Wentzel-
Kramers-Brillouin (WKB) approximation [52], the F-N equation can be written as: 
𝐽 = 𝑒3𝐹2






   (2.9) 
where F represents the local field and 𝜀𝑜 represents the permittivity of free space, and 
t(y) and v(y) are the Nordheim elliptic functions including image potential corrections. 
However, F-N equation can be further simplified by approximating t2(y) ≈ 1.1 and 





)  (2.10) 
where β refers to field enhancement factor, E represents applied field, α represents 
area of sample where electron emission occurs, and universal constants A=1.5410-6 A 
eV V-2 and B=6.83× 103 eV-3/2 Vμm-1. 
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where not only field emission can be identified, but also enhancement factor β can be 
obtained by extracting slope of the plot. B is the intercept that relates to work function 
and enhancement factor. 
As mentioned, the F-N equation is originally used to solve field emission 
phenomenon from the surface of bulk metal, but it is increasingly utilized in field 
emission studies of other materials such as CNTs and semiconductors [6, 55, 56]. 
2.1.2 Influencing Factors of Field Emission Property 
Since the research of field emission began, a few factors were gradually found to 
affect the performance of field emitters. According to the understanding of F-N theory 
and literature review of FE properties from metals, semiconductors and CNTs, here a 
few essential parameters will be elaborated. 
First, due to the nature of electron field emission, vacuum plays an important 
role during the process. Typically, the basic pressure for field emission to occur is 
below 1×10-8 Torr [57]. The relatively high pressure can affect the field emission 
mainly from two aspects. One is that the residual gas molecules may be absorbed by 
the surface of emitters. Thereby the work function of the emitters may be changed. 
Field emission is a type of tunnelling phenomenon. Therefore the work function plays 
an important role. The other is that high pressure caused by a large amount of residual 
gas can result in high probability of collisions between emitted electrons and residual 
gas molecules, which not only prevents emitted electrons from reaching anode, but 
also increases bombardment on cathode by ionized gas molecules. While, higher base 
pressure in field emission operation can be accepted thanks to continuous 
development of field emitters [58, 59]. 
Second, the distance between anode and cathode is another influencing 
parameter in field emission test. In the evaluation criterion of field emission 




performance, threshold field is most used to make comparison among different field 
emission samples. Usually, it is defined as the magnitude of electric field required to 
reach 1 mA/cm2. Under the same conditions, lower threshold field means lower 
power needed to ignite field emission phenomenon. Thereby, for the sake of less 
energy consumption, lowering the threshold field of materials is an ultimate goal of 
both researchers and manufacturers. After decades of work, researchers found that the 
threshold field increases as anode-cathode separation increases [60]. In addition, 
judging from the definition of electric field, it is clear that higher anode-cathode 
voltage has to be provided to maintain same magnitude of electric field if separation 
between anode and cathode increases, which increases overall energy consumption of 
field emission devices. 
Third, morphology also influences the properties of field emitter. In general, 
sharper field emitters need less electric field to ignite electron emission. This is 
because the local field at the tip of sharp emitter is much amplified compared to flat 
emitter. The enhancement factor β is used to reflect the magnitude of enhancement, 
which is roughly estimated by the high aspect ratio h/r, where h and r are the height 
of field emitter and radius of emitter body respectively. However, when many sharp 
field emitters squeeze too closely, the overall emission current density may drop due 
to screening effect. Basically, screening effect occurs because closely standing 
emitters weaken the local field of each other. Therefore, there exists a balance value 
of h/d, where h is the height of field emitter and d is the distance between emitters, to 
obtain maximum emission current density. 
Last but not least, work function of materials is another key factor for field 
emission performance. As mentioned in the review of F-N theory, 𝛷𝑒𝑓𝑓 is directly 
pertinent to emission current density. In the practical calculation, 𝛷𝑒𝑓𝑓  is usually 




considered as work function for simplicity. Theoretically, lower work function means 
lower energy barrier for electrons at Fermi level to tunnel through. Furthermore, 
plenty of research has proved that lower threshold field can be observed on field 
emitter with lower work function [61]. As of now, work function of field emitter can 
be tuned by doping external elements or coating different materials [17]. 
2.1.3 Fluorination on Field Emission Property of CNT 
Fluorination is widely implemented as a means for modification of CNTs 
regarding their physical and chemical properties. Essentially, attributing to strongest 
electronegativity of F among all elements, it almost can form chemical bonds with 
any other elements. In essence, the process of fluorination of CNTs undergoes 
breaking of π bonds between carbon atoms and forming of C-F bonds, which can tune 
properties of CNTs such as conductivity, surface polarity, sensibility, capacitance, 
absorbability, field emission and so on so forth [62-64]. 
First, fluorination causes the change of work function of CNT at the surface. 
Kim et al. found that after hydrofluoric acid treatment, the work function of CNTs 
was reduced, which is against conventional views [65]. It was believed that the 
reduction of work function was because F was incorporated into the carbon network 
and CNT surface was cleansed. 
Second, the morphology of CNTs can be tuned by F doping. Dependent on the 
type of technology of F doping, the morphology of CNTs can be varied to different 
degrees. It was reported that the tip of CNTs became sharper by etching of HF 
plasma, which was favourable to FE properties [66]. This inevitable effect is less 
chemically but more physically driven. 
Third, crystallinity of CNTs can be modified by fluorination. Zhu et al. reported 
that defect density of CNTs appeared to increase after CF4 plasma treatment and this 




was believed to be the key factor for the enhancement of FE properties [45]. The 
original amorphous carbon on the walls of CNTs were etched off by CF4 plasma, 
while F atoms broke the network of carbon atoms and resulted in more defects. 
In sum, F atoms, as external invaders, break original network of carbon atoms 
and build up a new one with surrounding atoms, which tunes the FE properties of 
CNTs not only in physical way but also in chemical way. The fluorination of CNTs 
inspires us to explore the fluorinated CNT composites, where improvement of FE 
properties is highly expected. 
2.2 Physics of Collisions 
2.2.1 Failure Mechanisms of Collisions 
From mechanics view, an impact means a high force or shock wave applied to a 
target with a very limited period of collision time. Since the collision period is so 
short that the failure mechanisms of impact process are very different from those of 
slow loading process. In the slow loading process, the impacted target has sufficient 
time to deform and the deformation absorb most, or even all energy of collision. 
However, in the impact process, causes of failure vary dependent upon different 
materials and conditions. In the impact process, fracture and fragmentation often 
become the main failure mechanisms in many materials. As below, a few failure 
mechanisms will be introduced, which are usually found in complicated impact 
processes.  
First, deformation is the primary failure mechanism in many impact processes. It 
is often found in traffic accidents where vehicles are deformed after serious crashes. 
In conventional engineering materials, especially like metals, most of the impact 
energy is absorbed by the plastic deformation of metals. After a period of elastic 
deformation under the compressive force from projectiles, atomic dislocations appear 




inside the bulk of metals. The generation and movement of atomic dislocations 
consume the kinetic energy from imparting projectiles. Therefore, impact of 
projectiles can be dramatically reduced by protection of metal armours.  
Second, fracture and micro-fracture are most obvious in failed brittle materials. 
When external forces go beyond the limit of plastic deformation, fracture is likely to 
occur. For example, even though metals have large potential of plastic deformation, 
fracture usually take place in order to stand extra energy input. In tensile test, necking 
is a typical phenomenon before fracture in metal specimens. Same principles are also 
applicable to brittle materials like ceramics and polymers. These materials have lower 
tolerance of elastic and plastic deformation, which results in fracture or micro-fracture 
with ease. Micro-fractures are initially generated at the imparted spot under pulse of 
external force. Thereafter they grow and spread to other parts of specimen. Finally, 
substantial fractures result in failure of the whole specimen with absorption of input 
energy. 
Third, breakdown of fibres is a common failure mechanism in fibre enforced 
composites armours. In fibre reinforced composites, besides the conventional failure 
mechanisms such as fracture, deformation and wear, many important works focused 
on consumption of impact energy in the form of fibres pull-out from matrix or self-
breakdown. [67-74] For example, Lee et al. studied the penetration failure mechanism 
of fibre reinforced composites consisting of plain-weave fabric of Spectra 900 and 
resin [74]. After careful investigation, they found that the fibre straining contributed 
to most of the energy absorption (EA) in the penetration process. Those previous 
studies on fibre failure help better understand the complicated failure mechanisms in 
fibre reinforced composites during impact process. 




Besides the aforementioned three failure mechanisms in impact process, there 
are a few more mechanisms such as spalling, debonding, delamination and gross 
plastic deformation which are important but will not be elaborated in this work. In 
Chapter 5, the knowledge of failure mechanisms will be utilized to explain the 
observation of different series of experiments. 
 
2.2.2 Energy Dissipation Theory 
In this work, the energy is considered to be conserved in the combined system of 
projectile and target. However, before an analytical model is developed based on 
energy absorption principles for the impact on CNTs-silicone abalone-shell-like 
epoxy composites, the following assumptions are made.  
1. The projectile, steel ball in this work, has to be retained no deformation or 
damage through the impact test. 
2. The friction between the target and the projectile is neglected. 
3. The failure mechanism of composites is uniform throughout its thickness. 
4. The mass of target and projectile during the impact stays the same. 
5. The whole process abides by adiabatic conditions. 
Therefore, when a projectile impacts on the CNTs-silicone epoxy composite, the 
impact energy can be calculated with Equation (2.12). 
𝐸𝑖 = 12𝑚𝑣𝑖2                            (2.12) 
where Ei, m and vi denote impact kinetic energy, mass of projectile and impact 
velocity respectively. With the assumption that the mass of projectiles does not 
change through the whole impact process, the EA of samples can be calculated by 
equation 










= 1 − 𝜈𝑟2
𝜈𝑖2
                  (2.13) 
where i and r denote input and residual respectively. 
Equation (2.13) is enough to determine the overall EA of target in an impact 
process, but it cannot be used to determine the efficiency of energy absorption of 
different failure mechanisms. In this study, without consideration of wave 
propagation and heat, the fracture of epoxy and the energy dissipation of CNTs-
silicone cushion layer are two main factors of energy absorption during impact test.  
Viscoelastic materials like silicone have the ability of storing energy and 
dissipating energy during a dynamic loading. So storage modulus E’ and loss modulus 
E” are determined to value those two abilities. Storage modulus and loss modulus are 
defined by the real component quantity 𝜎𝑜′and the imaginary component quantity 𝜎𝑜′′ 
of the complex stress quantity 𝜎∗, as addressed in Equation (2.14), (2.15) and (2.16). 
𝜎∗ = 𝜎𝑜′𝑐𝑜𝑠𝑤𝑡 + 𝑖𝜎𝑜′′𝑠𝑖𝑛𝑤𝑡   (2.14) 
𝐸′ = 𝜎𝑜′
𝜖𝑜
     (2.15) 
𝐸′′ = 𝜎𝑜′′
𝜖𝑜
     (2.16) 
where w indicates angular frequency and 𝜖𝑜 indicates strain. 
 By measuring the storage modulus and loss modulus of silicone layers, it is 
helpful to determine the failure mechanism shift inside silicone.  
2.2.3 Fluorination Effect on Impact Resistance Property of CNT 
Composites 
As aforementioned in Chapter 2, fluorination is an effective method in 
modifying CNTs such that alternative approaches focus on tuning mechanical 
properties of CNT composites. There are two main purposes of fluorinating CNTs 




before dispersing them into epoxy resin matrix which are crucial to impact resistance 
properties of CNTs/epoxy nanocomposites.  
First, fluorination of CNTs can help improve the uniformity of CNTs in epoxy 
resin. There is premise for polymer matrix to harness the wealth of mechanical 
properties presented within CNT structures, which is the adequate dispersibility of 
nanotubes in solution. To tackle the dispersibility issue of CNTs in matrix, surface 
modification has been extensively studied and is being widely used [75-82]. Among 
all, fluorination is a proven method to improve the dispersion capability of CNTs into 
polymer matrix. For example, A.Mohamed et al. [82] successfully integrated FCNTs 
into thermoset polymers. The dispersion of CNTs in thermoset resin was obviously 
enhanced by fluorination. They found a more distinct shear thinning behavior and 
higher viscosity in fluorinated nanocomposite which may contribute to higher 
dispersion. Their results clearly points out the relation between dispersion of CNTs 
and fluorination which also unveils fluorination affects the bonding between CNT 
sidewall and epoxy matrix. 
Second, fluorination can also increase the bonding between CNTs and epoxy 
resin. In an impact test, the bonding between fillers and matrix plays a very important 
role. Different types and various strength of bonding result in various failure 
mechanisms during an impact test. Therefore, fluorination, as an effective 
modification method, bridges nanotubes and polymer matrix by generating organic 
groups, which enables incorporation of CNTs into epoxy matrix. J.S. Im et al. studied 
the semi-ionic C–F bonds on side wall of MWNTs by a fluorination treatment in the 
MWNTs/epoxy composite [83]. From the DMA results, it is clear that storage 
modulus and lost modulus increased as a function of increasing applied frequency. In 
addition, higher heating rate caused increased activation energy as well attributed to 




the slow heat transfer in MWNTs/epoxy composites. Their work demonstrated that 
the dynamic mechanical property of CNTs/epoxy composites can be tuned by 
fluorination which is useful for design of impact resistance materials. 
 








3 Experimental Techniques  
In this chapter, the techniques involved in fabrication and characterization 
process of this work will be reviewed in detail. These include CNT growth 
techniques, materials characterization techniques and testing systems. 
3.1 Sample Preparation Techniques 
In this section thermal chemical vapor deposition (CVD), plasma-enhanced 
chemical vapor deposition (PECVD), metalorganic chemical vapor deposition 
(MOCVD), magnetron sputtering deposition and RIE are introduced briefly. 
Magnetron sputtering deposition technique was utilized for deposition of catalyst on 
substrate for CNTs growth and zinc oxide coating. TCVD and PECVD methods were 
used to grow spaghetti-like CNTs (S-MWNTs) and VACNTs respectively. MOCVD 
was for the coating of MoOx and ZnO. RIE approach was used to fluorinate CNTs. 
3.1.1 Thermal chemical Vapor Deposition (TCVD) 
TCVD is a chemical approach to produce solid thin film or nanomaterials of high 
quality and high performance by decomposing precursor(s) through heating only. It is 
one of the most widely used technologies in industry and laboratory for fabrication of 
almost all metallic or ceramic compounds due to its high efficiency and mass 
producing capability.  
In a typical TCVD process, flowing precursor gas(es) and heated substrate(s) are 
involved in a high temperature circumstances. The flowing precursor gas(es) is(are) 
delivered into a reaction chamber (typically in the shape of tube). When precursor 
gas(es) flow(s) above the substrates, it(they) is(are) decomposed at high temperature 
and solidified on the surface of substrate(s). The simplicity and low cost of TCVD 
often enable it the first choice by researchers and technicians over other methods. 




However, it also has some drawbacks such as requirement of high temperature and 
slow deposition rate [84]. 
In this work, TCVD is employed to grow S-MWNTs on carbon cloth (CC) 
substrates. For growth of CNTs by TCVD, the temperature is required in the range of 
600-900 oC in general. Figure 3.1 illustrates the typical TCVD set up for synthesizing 
CNTs. The source gases (precursor gases) purge into quartz tube, flow over the heated 
substrates, then escape from the outlet. For more details, please refer to Section 5.2.1 
in Chapter 5. 
 
Figure 3.1 A schematic illustration of TCVD system where sample is placed in the 
centre of quartz tube and argon plus 5% hydrogen was selected as carrier gas and 
C2H4 chosen as carbon source gas. 
3.1.2 Plasma-enhanced Chemical Vapor Deposition (PECVD) 
PECVD is a common technique used to deposit thin films on substrates, where 
elements transform from a gas state to a solid state. Similar to TCVD, there involved 
chemical reactions during PECVD process after plasma of reacting gases is generated. 
However, different from TCVD, the required temperature to deposit various thin films 
is much lower with the help of plasma. Therefore, it is widely used in semiconductor 
manufacturing to form temperature sensitive thin film on substrates.  
In general, plasma can be generated by radio frequency (RF) or direct current 
(DC) discharge between two electrodes [85]. When electricity applies onto two face-
to-face electrodes, a glow discharge is usually generated at pressures of a few mTorr 




to a few Torr. During this period, excited atoms or molecules in gas mixture turned 
into high energy ions, reactive radicals, atoms and molecules, which actively interact 
with or bombard substrates to form thin film. Since the energy transferred from 
electricity input to various particles within plasma, the temperature on surface of 
substrates is able to remain relatively low. Besides low growth temperature, PECVD 
also provides good adhesion, low pinhole density, good step coverage and uniformity 
of thin film [86, 87]. In this study, PECVD was used to grow VACNTs. In Chapter 4, 
more details of fabrication of VACNTs by PECVD will be presented. 
3.1.3 Metalorganic Chemical Vapor Deposition (MOCVD) 
MOCVD is a CVD technique utilizing metal-organic reagents to deposit films 
on various substrates. Compared to other CVD techniques, it has high quality of 
epitaxial grown film. Due to its unique advantages, MOCVD is largely and 
particularly used in fabricating semiconductor and opto-electronic materials. 
Similar to TCVD, MOCVD needs high temperature (mostly from 300 oC to 800 
oC) and vacuum environment (usually less than 1 Torr) to decompose precursors. 
There are three main types of heating methods, which are RF induction heating, 
radioactive heating and resistance heating. When the introduced gas-state precursors 
pass over heater in the reactor chamber, compounds of metal-organic precursors are 
thermally decomposed into desired atoms or molecules, thereby deposited on the 
surface of substrates. Among many factors, the temperature of substrates and the 
nature of precursors are the most critical. 
In sum, MOCVD allows the economic and productive deposition of uniform 
and adhesive films at relatively low substrate temperatures, while avoids auto doping 
and impurity incorporation from the reactor walls.[88] 




3.1.4 Magnetron Sputtering 
Magnetron sputtering is one type of physical vapor deposition method which 
deposits thin film(s) by sputtering material(s) from target(s) to substrate(s). To date, 
sputtering has become one of the most extensively used thin film deposition 
techniques for both industry production and experimental research. Compared to other 
types of sputtering deposition method, magnetron sputtering deposition is the most 
versatile because it can be applied to the deposition of both insulating and non-
insulating materials.  
The versatility of magnetron sputtering deposition is attributed to its simple 
mechanism [89, 90]. With inert gases like argon, neon, krypton and xenon, plasma 
can be ignited by high voltage at pressure in scale of mTorr. DC power supply is used 
for non-insulating targets, while RF power supply is used for insulating targets, 
wherein build-up charge on cathode can be prevented with the use of high-rate 
variation of RF bias. Meanwhile, the atoms of targets are ejected due to bombardment 
by energetic particles and propelled against the substrate where they form very firm 
bond. In this project, the RF sputtering system was utilized to deposit aluminium and 
iron onto silicon substrate and zinc oxide onto VACNTs. Argon is chosen as plasma 
source and the power used for sputtering iron and zinc oxide was 100 W. More 
experimental details will be introduced in Chapter 4 and Chapter 5. 
3.1.5 Reactive Ion Etching (RIE) 
RIE is a dry etching technology applied in micro-fabrication. It utilizes 
chemically reactive plasma to dope elements into samples or/and remove materials 
from samples. The plasma is generated by two round electrode plates under RF 
powered electromagnetic field at high vacuum where samples are immersed. The 
types and amount of gas vary depending upon the etching process, but the pressure 




usually remains at the level of mTorr to hundreds of mTorr. Plasma is created after 
gas molecules start to be ionized by high-frequency oscillating electric field. At the 
same time, the cathode gradually accumulates charge which develops a large positive 
voltage on cathode. This large positive voltage drives negative ions from plasma to 
collide with ions on samples where etching and doping are achieved. RIE has very 
good anisotropic etch profiles which distinguish with isotropic profiles of wet 
chemical etching. 
3.2 Materials Characterization Techniques 
This section introduces material characterization techniques used in this work. 
They include Raman spectroscopy, X-ray photoelectron spectroscopy (XPS), 
scanning electron microscopy (SEM), transmission electron microscopy (TEM), and 
dynamic mechanical analyzer (DMA). 
3.2.1 Raman Spectroscopy 
Raman spectroscopy, named after Sir C.V.Raman, is a spectroscopic technique 
relying on inelastic scattering of monochromatic light, which is powered by laser 
source in the range of visible, near infrared, or near ultraviolet. Inelastic scattering is a 
phenomenon that the frequency of photons in monochromatic light varies depending 
on interaction with a sample. 
When a laser spots on a sample, the photon may be absorbed, scattered, or 
directly pass through without any interaction with the matter [91]. When the energy of 
incident photon is low, infrared absorption occurs with change of vibrational energy 
states of molecule. For the rest, electron and nuclei are polarized by an incident 
photon to form a temporary unstable state, termed as virtual state, thereafter a photon 
is re-radiated with certain energy or frequency [91]. Depending on the energy or 




frequency of emitted photon, the scattering process can be categorized as elastic or 
inelastic. If the energy of emitted photon has little difference with that of incident 
photon, it is called elastic scattering, such as Rayleigh scattering. Whereas, if there is 
energy transfer in the process and the energy or frequency of emitted photon is 
different from that of the incident photon, it is called Raman scattering. Furthermore, 
if the vibrational energy state of matter rises during Raman scattering, it is called 
Stokes Raman scattering. Otherwise, it is called anti-Stokes Raman scattering. The 
information of Raman scattering can be detected using a spectrometer by considering 
the difference of wavelengths of incident and emitted photons. 
As of now, Raman spectroscopy is an extensively used non-destructive method 
in characterization of carbon materials [92-95]. In this work, Renishaw Raman 
spectrometer 2000 with 514.51 nm green argon laser was used to study the 
microstructural properties of CNTs and their composite with zinc oxide. The laser 
beam was focused onto the sample surface using an optical microscope with 50 times 
magnification at spot size of 1 μm. The Raman spectra were acquired in the range of 
300-2000 cm-1 and 1000-2000 cm-1 for broad and narrow scans, respectively. In order 
to avoid damages to the films, a low-power input at 1.5 mW was used during signal 
acquisition. 
3.2.2 X-ray Photoelectron Spectroscopy (XPS) 
XPS is a non-destructive surface chemical analysis technique, which provides 
quantitative measurement of the elemental composition, empirical formula, chemical 
states and electronic states of materials except hydrogen and helium[96]. Typically, 
atoms are firstly photoionized by X-ray which is powered by either Mg Kα (1253.6 
eV) or Al Kα (1486.6 eV) sources. Thereafter, the information of chemical states and 




electron states can be deducted from the analysis of detected energy spectrum of 
emitted photoelectrons.  
After a photon of energy hv excites a core level electron, the electron overcomes 
the binding energy (EB) and the work function (EW) to escape into vacuum. The 
remaining energy of electron is called kinetic energy (EK), which is described as the 
below Equation (3.1): 
EK=hv-EB-EW                                              (3.1) 
where hv is the initial energy of photon. EK is measured by an electron energy 
analyzer. The spectrum is comprised of a plot of counts of signal intensity versus 
binding energy. For each type of chemical bonding, the binding energy is unique. In 
addition, since XPS derives its chemical sensitivity from the fact that the binding 
energy of the core level electrons is directly affected by the nearest neighbour atoms, 
any variation from the surrounding chemical environment will result in a modification 
of kinetic energy. As such, the identity of chemical bondings can be found from the 
accurate measurements of peak positions, separations, intensity and other spectral 
features. For example, the XPS spectrum of carbon 1s may be composed of sp2-
hybridized carbon of nanotubes, sp3-hybridized carbon, carbon from hydroxyl group, 
and carbon from C-F bonds [97]. 
However, the shallow detecting depth is the shortage of XPS. From another view 
angle, though, the short distance of relatively low energy photoelectrons avoids 
inelastic scattering, which benefits the surface sensitivity of XPS technique. 
In this work, the XPS measurements of samples were carried out using a Kratos 
Axis Ultra DLD XPS spectrometer with monochromatic Al Kα (1486.69 eV) and a 
spot size of 1 mm. The vacuum of analysis chamber was kept under 5 x 10-9 Torr. The 
data of XPS spectra were collected by a concentric hemispherical analyzer in a 




constant energy mode, with a pass energy EP of 20 eV and 160 eV for narrow scan 
and wide scan respectively. The core level spectra were obtained at a take-off angle of 
90o. During the analysis of XPS data, XPSPEAK v.4.1 software was used to resolve 
XPS spectra. 
3.2.3 Field Emission Scanning Electron Microscopy (FESEM) 
FESEM is an extensively used technique detecting surface morphology in a wide 
range of research fields. It uses a focused beam of high-energy electrons in a raster 
scan pattern to generate various signals at the surface of a solid sample which contain 
detailed information about external morphology and chemical composition of the 
sample.  
The electron beam, emitted via field emission, is accelerated by electric field 
towards the surface of sample and is focused by two condenser lenses to a spot of 0.4 
nm to 5 nm in diameter, where the typical energy range of electron beam is from 0.2 
keV to 40 keV. When incident electrons are decelerated on samples, a significant 
amount of kinetic energy of accelerated electrons is dissipated in form of various 
signals generated by interactions between electrons and samples. The collected 
signals are obtained from secondary electrons, backscattered electrons, diffracted 
backscattered electrons, photons, visible light, and heat. The three dimensional 
imaging of morphology is mainly attributed to the secondary electrons and 
backscattered electrons, which are detected by specialized detectors. The former is 
valuable for morphological details and the latter is valuable for composition contrasts. 
In the standard mode of secondary electron imaging, FESEM can produce very high-
resolution images with details less than 1 nm in size. Furthermore, the large depth of 
field and the wide range of magnifications of FESEM make it very useful to study 
detailed 3-dimensional surface structure of sample from micron scale to nano scale. 




As a non-destructive surface morphology characterization technique, FESEM 
also can reveal information of chemical composition via analysis of characteristic X-
rays which is produced by inelastic collisions of the incident electrons with electrons 
in discrete orbitals of atoms in the sample. Those X-rays are collected by a solid state 
X-ray detector (EDS), however, the energy resolution and the sensitivity to elements 
are relatively poor. 
In this study, the SEM images of all samples were obtained by Zeiss Supra 40 
FE SEM with magnitude of 1000 to 50000. An accelerating voltage of 10 kV was 
loaded to take images under the vacuum of 2×10-9 Torr or better at a working distance 
of around 3.2 mm. 
3.2.4 Transmission Electron Microscopy (TEM) 
Since the first TEM was invented by Max Knoll and Ernst Ruska in 1931, it has 
gradually become the most important tool to study the nanostructure, chemical 
composition and crystallography of solid materials. It enables individual nanoparticle 
of samples to be imaged in significantly high resolution and lattice spacing of crystal 
to be determined. Different from SEM, TEM collects signals from the electrons that 
transmit through an ultrathin specimen, and ultimately 3-dimensional images are 
displayed on an imaging device.  
The working principle of TEM is similar to slide projector, which shines a beam 
of light that passes through slide. In lieu of light source in slide projector, TEM 
utilizes electrons, which are generated by heated filament, to shine on a specimen 
under high vacuum environment. Although extreme high vacuum is required to avoid 
collision of electrons with remanent molecules in chamber, the extremely high 
resolution of TEM (~0.2 nm) makes the trade-off well deserved. In TEM, the 
transmission of electron beam is greatly dependent on the properties of examined 




material that include density, composition and so on so forth. Therefore, sample with 
non-uniform density can be well examined by TEM. 
In this work, a JEOL JEM-3010 TEM with LaB6 filament and point-to-point 
resolution of 0.17 nm was used. The morphology and crystallography of ZnO/CNT 
nanocomposites were studied. Small amount of ZnO/CNT sample was put into 0.5 ml 
ethanol until the solution didn’t change its colour any more. One drop of ZnO/CNT 
ethanol solution was dripped onto the carbon film of copper grid. During the 
scanning, a voltage of 300 kV was used to accelerate electrons and a high-angle 
annular detector was utilized to collect the electrons which were scattered at large 
angles. 
3.2.5 Dynamic Mechanical Analyser (DMA) 
DMA is a thermal analytical technique which measures mechanical properties, 
such as modulus (elasticity) and viscosity (damping) as a function of time, 
temperature, frequency, stress or combinations of these parameters when materials are 
deformed under periodic (oscillatory) stress. It is popular to be used to determine the 
glass transition temperature of materials.  
DMA consists of a drive motor which supplies the sinusoidal deformation force 
to sample material, a displacement sensor which measures the sample deformation 
that occurs under applied force, a temperature control system, and sample clamps. It 
also has different clamps for different geometry of samples including three-point and 
four-point bending, dual and single cantilever, parallel plate and variants, bulk, 
extension/tensile, and shear plates and sandwiches. 
To make measurement, the test specimen is mounted on one of the three clamps, 
all of which have been designed using Finite Element Analysis to minimize mass and 
compliance. Each clamp includes a stationary part and a movable part. The movable 




part is connected to the drive motor. During measurement, the drive motor delivers 
force or stress to the moving drive block. The optical encoder measures the resulting 
displacement of the moving drive block. For smooth, noise-free and continuous 
delivery of force, the moving drive block is suspended by an air bearing. The 
parameters of experiments can be set up on a computer which connects to the DMA 
machine. All the data are collected by the system, thereafter modulus and viscosities 
are calculated by integrated software. 
TA Instrument Q800 Dynamic Mechanical Analyzer was used in this study. It 
has many features such as operation temperature range of -145 oC to 600 oC with 
heating rates up to 20 oC/min; determination of changes in sample properties resulting 
from changes in seven experimental variables: temperature, time, frequency, stress, 
force, displacement, and strain; usage of samples that can be in bulk solid, film, fibre, 
gel, or viscous liquid; employment of interchangeable clamps allowing to measure 
many properties, including: modulus, damping, creep, stress relaxation, glass 
transitions, and softening points. 
In this work, CNTs reinforced silicone composites are tested at 25 oC with 
oscillation frequency of 200 Hz and amplitude range of 15-30 μm. All the samples 
were sized to 30 mm in diameter and 6 mm thick, which is the standard size for 
impact test as well. For each sample, the average value of storage modulus and loss 
modulus was adapted after 3 tests.  
3.3 Device Testing Systems 
3.3.1 Field Emission Measurement 
Field emission measurement system is designed based on the mechanism of 
electron emission from cathode towards anode under sufficient electric field, which 
typically includes 4 subsystems of vacuum control, positioning, power supply and 




current measurement. The vacuum of testing environment must be at high level of 10-
6 bar or better which is one limit of field emission application. This high vacuum 
environment helps prevent the emitted electrons from collision with residual gas 
molecules. As mentioned in many reports, separation between cathode and anode 
indeed affects results of field emission test, thereby, accurate positioning system is 
necessary in field emission measurement system [98-101]. 
Beyond the basic requirement for field emission measurement system, two main 
testing modes, tip mode and parallel mode, co-exist for different purposes of field 
emission application. The tip mode is on purpose for those applications like STM, 
SEM etc. While, the parallel mode was used in our experiment since our initiative 
was to study FE properties of core-shell nanomaterials for field emission display. As 
shown in Figure 3.2, CNT sample is indirectly connected to cathode. On the other 
side, high electric conductive material like ITO glass is chosen as anode. The distance 
between CNTs and anode is maintained by spacer. 
 
Figure 3.2 Parallel mode of field emission setup 
In this study, the FE test of CNT composites samples was implemented at room 
temperature in a high vacuum environment of 3.6×10-6 Torr. The CNTs (cathode) and 
ITO glass (anode) were separated by two 100 µm thick polymer film, where there was 




a round window of 28.3 mm2 to allow emitted electrons to pass through. All CNTs 
samples were sized to about 1 cm2. The voltage across the electrodes was added 
slowly up to maximum 1000 V and the corresponding emission current was detected 
by a Keithley 237 high-voltage source measure unit repeatedly till there was not 
variation in repeated measurement any more. 
3.3.2 Impact Test Measurement 
The characterization of impact resistance properties of CNT composites was 
carried out on a gas gun system including a single-stage gas gun barrel, a sample 
fixation stage, chronograph for velocity measurement and safety devices. 
The single-stage gas gun system used nitrogen as the propelling gas, which was 
stored in a cylinder. The pressure of compressed nitrogen was monitored by pressure 
gauge to control the velocity of projectiles. The trigger of shooting was controlled by 
a quick release valve. Furthermore, the barrel was 3.5 m long with the inner diameter 
of 12 mm, which went into a closed environmental chamber, where the targeted 
sample was located. The close design of chamber was to protect users and assure 
repeatable constant velocity of projectiles. 
A high-speed camera recorded the impacting process of projectiles on the 
targeted samples with 1/30000 frame. The experimental studies were accomplished 




















4 Field Emission Study of Fluorinated 
ZnO-CNTs Core-shell Nanocomposites 
This chapter focuses on the investigation of the FE properties of FZnO/CNTs 
core-shell nanostructure by varying experimental factors. These factors include radio 
frequency (RF) power of RIE machine and etching duration. In Section 4.1, 
background and literature review of ZnO/CNT field emitter are presented. The effect 
of F on properties of different materials is reviewed as well. In Section 4.2, the 
fabrication and characterization details will be revealed. Then in Section 4.3, the 
growth of S-MWNTs and VACNTs will be firstly presented. Then, the coating of 
MoOx-ZnO on CNTs field emitters will be studied. Thereafter, the growth of 
ZnO/CNTs field emitter and doping of F by RIE method are introduced. 
4.1 Introduction 
Zinc oxide (ZnO) is widely studied over decades due to its unique properties and 
strong potential for a wide range of applications. As an inorganic compound in II-VI 
semiconductor group, it is a wide-bandgap semiconductor with high electron 
mobility, piezoelectric effect, good transparency and strong room-temperature 
luminescence etc. To date, ZnO is often used as an additive to enhance properties of 
other materials. For example, it is commonly used to retard the processing time and 
improve the strength of cement, to activate accelerator to speed up curing rate of 
rubber, or to serves as the source of zinc, a necessary nutrient, which is added into 
food products.  
Beyond current utilization in commercial industries, researchers continue to 
make use of various properties of ZnO to develop potential applications in electronics, 




spintronics, piezoelectricity, sensor and field emission etc. Among these potentials, 
FE properties of ZnO have been extensively explored in the past decades. 
ZnO is used in two main ways in terms of field emission applications. First, 
one/multi-dimensional nanostructures of ZnO are formed such as nanoneedles, 
nanowires, nanopods, nano tetrapods and nanoflowers to serve as field emitters. 
Second, FE properties of other field emitters such as CNTs, metal tips and inorganic 
semiconductors can be enhanced by ZnO decoration in form of nanoparticle and thin 
film. In the following, literature will be reviewed regarding those two forms. 
Since CNTs was reported in 1991 [2], one-dimensional nanostructures of 
semiconductors has attracted extensively interests due to their potential for 
developing dimensionality-confined applications. In 2001, Pan et al. reported 
successful synthesis of ultralong nanobelts of semiconducting metal oxides including 
zinc, tin, indium, cadmium, and gallium by thermal evaporation method [102]. Their 
work demonstrated a distinct nanostructure group of semiconducting oxides which 
tremendously enriched their potential applications. In the past decade, researchers all 
over the world continue to explore various nanostructures of ZnO. As of now, ZnO 
probably has the largest family of nanostructures among all materials, therefore the 
applications of ZnO nanostructures have been expanded into every corner of materials 
science and engineering [103]. 
Due to the impressive nanostructures of ZnO, many researchers studied its FE 
properties. Lee et al. reported that vertically aligned ZnO nanowires were grown at 
550 oC with turn-on voltage of 6.0 V/µm [56]. Although the authors claimed that the 
emission current could reach about 1 mA/cm2 at a bias field of 11.0 V/µm, it was not 
competitive yet with CNTs. Zhu et al. fabricated well-aligned arrays of ZnO 
nanoneedles on highly doped p type Si substrate via a selenium-controlled vapor 




phase deposition [104]. In their work, the turn-on field was as low as 2.4 V/µm and an 
emission current density of 2.4 mA/cm2 was reached under a field of 7 V/µm. These 
impressive results were mainly due to the sharp geometry of ZnO field emitter. In 
2004, Banerjee et al. reported an electric field of 0.7 V/µm, the lowest value of ZnO 
ever reported in literature, to reach an emission current density of 1 mA/cm2 [29]. In 
their study, ZnO nanowires were grown on CC with high crystallization and a typical 
wurtzite hexagonal structure. The authors found that the exceptionally high 
enhancement factor not only due to the intrinsic geometry of ZnO nanowires but also 
due to the geometry nature of CC. From comparison of results of different samples, it 
was derived that length and site density of field emitter and substrate geometry were 
critical in determining FE properties. Besides nanowire and nanobelts, other forms of 
ZnO nanostructures were also widely investigated regarding field emission 
performance [105-108]. However, none of them could obtain better results than 
Banerjee et al. 
Meanwhile, hybrid field emitters were widely studied in order to improve field 
emission performance. It was believed that coating wide-bandgap materials (WBGM) 
on field emitters such as CNTs was an efficient way [17, 109-113]. Lian et al. 
observed that after long term of operation at fixed current density of 1 mA/cm2, 
emission current density of pristine CNTs dropped 27%, which the authors believed 
to be attributed to large carbon particles formed by superheat on the end of CNT tips 
[113]. However, ZnO coated CNTs exhibited much stabler with only 3% reduction of 
emission current density with time. Meanwhile, threshold field of CNTs was lowered 
by coating ZnO because of reduction of work function and increase of emission sites. 
ZnO was not only coated on CNTs. Zhang et al. embedded ZnO nanoparticles onto 
diamond-like amorphous carbon (DLC) films by electrochemical deposition [114]. It 




was found that turn-on field was lowered and emission current density was increased 
due to protrusion on the surface of DLC caused by ZnO nanoparticles. 
Simultaneously, plentiful sp2-bonded carbon was generated after embedding ZnO, 
thereafter current flew in the film might be advantaged. In 2008, Yong et al. reported 
that ZnO nanoparticles were uniformly decorated on the walls of CNTs with an 
enhanced FE properties compared to intrinsic CNTs field emitter [115]. ZnO 
nanoparticles played a role of individual field emitters where nanoparticle density was 
vital to local field which directly influenced the probability of electron tunnelling. 
This work provided a typical model of sub-field emitter improving FE properties of 
intrinsic field emitter. 
On one hand, as field emitter itself, ZnO is proven to have the capacity of 
providing competitive field emission performance with other materials such as 
diamond-like carbon (DLC), metal tips or even CNTs. On the other hand, as an 
auxiliary content, ZnO nanoparticle and film can lower turn-on field and threshold 
field and increase the stability. Therefore, for the purpose of fabricating good field 
emitters, ZnO can be seriously considered. 
There is another chemical element, F, which is commonly associated with field 
emission technology. F owns the highest electronegativity among all elements and 
small atomic radius, which brings unique physical and chemical properties to various 
materials by fluorination. As of present, F and its compounds are extensively used in 
industry to produce daily commodities such as chloroflorocarbons (CFCs) serving as 
refrigerant gas, polytetrafluoroethylene (PTFE) serving as electron insulation, sodium 
monofluorophosphate being key ingredient of toothpaste. 




As aforementioned, F is not utilized in a simple substance. Instead, it is usually 
doped into other materials. In the following, the research of doping F into ZnO and 
CNTs is reviewed. 
In order to achieve different expected applications, doping of F into ZnO has 
been immensely investigated by many research groups [116-121]. Kumar et al. 
reported electrical resistivity of ZnO was considerably reduced by doping F using 
chemical spray pyrolysis technique [118]. Simultaneously, optical transmission of 
ZnO was increased with increase in concentration of F. Their work indicated doping 
of F could modify structural, optical and electrical properties of ZnO. However, few 
researchers studied F effect on FE properties of ZnO. 
In another field, FE properties of CNTs had also been proven to be tuned by 
fluorination. Zhu et al. reported that the morphology and nanostructure of VACNTs 
could be modified by CF4 plasma in RIE method [45]. The CNTs were found to 
bundle with each other as treatment duration was prolonged, which somewhat 
reduced the screening effect. The field emission current density of VACNTs was 
found to be increased due to the opening of nanotube caps, optimized surface 
morphology and more defects generated during etching process. 
In this project, it is very unique to combine the advantages of ZnO and F to 
enhance the FE properties of CNTs was attempted. Firstly, VACNTs were grown by 
PECVD. Secondly, MoOx-ZnO was deposited on VACNTs by MOCVD at different 
temperature. Meanwhile, ZnO was coated on top of VACNTs alone by radio 
frequency sputtering. Lastly, F was doped into as-prepared ZnO/VACNTs by RIE 
method under various radio frequencies and etching durations. Subsequently, the 
properties of as-prepared samples were characterized by SEM, XPS, Energy-




dispersive X-ray spectroscopy (EDX) and Raman spectroscopy. The FE properties of 
vapor samples were tested on a parallel-plate configuration. 
4.2 Experimental 
For growth of both S-MWNTs and VACNTs, highly negative doped silicon 
wafers (100) were adopted. Iron catalyst was sputtered on top of silicon wafer for 4 
mins with power of 100 W by using RF magnetron sputtering system Denton 
Discovery-18 at 0.01 Torr. The estimated thickness of iron thin film is around 14.8±
0.8 nm. 
The S-MWNTs were synthesized in TCVD system in atmospheric pressure. 
Prior to deposition, iron-sputtered silicon substrates were placed in the centre of a 
quartz tube, which is 1 m in length and 22 mm in diameter. After the quartz tube was 
connected to the gas line and sealed, it was fixed in the furnace. Thereafter, the mixed 
gas of argon plus 5% hydrogen in volume started to be carried into quartz tube at the 
flow rate of 100 SCCM and kept for the whole synthesis process, and meanwhile the 
substrates were heated up by 20 °C per min from room temperature till 600 °C. The 
samples in the tube were kept at 600 °C for 30 mins in order to reduce the oxidation 
in our samples. Subsequently, the samples were continuously heated up to 600 °C to 
900 °C by 15 °C per min. As the temperature of furnace reached the growth 
temperature, C2H4 as carbon source gas, began to be carried into quartz tube. After 
60-min growth of CNTs, C2H4 stopped to be purged out and the furnace was turned 
off as well. The samples were not collected until the furnace was cooled down to 400 
°C with 100 SCCM of argon plus 5% hydrogen flowing through the quartz tube. 
The PECVD mentioned in last chapter was used to grow VACNTs on silicon 
substrates. The same iron-sputtered silicon substrates were placed on a heating stage 
in vacuum. At the beginning, the chamber was pumped down to around 2 × 10-6 Torr. 




The temperature of heater, which was beneath samples, was increased gradually till it 
was stable at 650 °C. Thereafter 60 SCCM of H2 was carried into chamber to produce 
plasma of 100 W and then 15 SCCM of C2H2 was introduced as carbon source. After 
10 to 60 mins of growth at around 650 °C, silicon substrates were covered by black 
CNT thin film. These VACNTs were prepared for both MoOx–ZnO coating and ZnO 
coating. 
Thereafter, two precursors, Zn(C5H7O2)2 hydrate powder and Mo(CO)6 powder, 
were used in the MOCVD process. The as-prepared VACNTs samples were placed at 
the centre of the quartz tube (42 mm in diameter and 400 mm in length) where the 
chamber was pumped down below 10-6 Torr to eliminate any residual gases and 
moisture from air. In this dual-precursor system, Zn(C5H7O2)2 hydrate powder (purity 
99%) and Mo(CO)6 powder (purity 98%), in two separate bubblers, were heated up to 
100 °C and 75 °C respectively to produce precursor vapors. The precursor vapors 
were subsequently carried into chamber by purified Ar gas having a constant flow rate 
of 100 SCCM. The substrates were heated up to the desired temperature, 500 °C, 
600 °C and 700 °C using an induction heater and the temperature maintained for 20 
mins at a chamber pressure of 250 mTorr. After the deposition, Ar gas was flowed 
through the chamber to purge the system of any residual precursors. 
Meanwhile, ZnO was deposited on both S-MWNTs and VACNTs in the same 
RF sputtering system as the one used for iron catalyst deposition. In order to compare 
the FE properties and nanostructures of these two different types of MWNTs, both S-
MWNTs and VACNTs samples were sputtered for 20 mins under the same 
conditions. The power used was 100 W and the pressure during deposition was 0.01 
Torr. 




Then, ZnO/VACNTs and ZnO/S-MWNTs were characterized by SEM. In 
addition, Zn and O were confirmed by comparing the two EDX spectra of VACNTs 
before and after sputtering. The RIE system used in this project is SAMCO Model 
RIE-1C. In our experiment, RIE chamber was firstly pumped down to 15 Pa. Then 30 
SCCM of CF4 was carried into chamber and reactive plasma was generated by a RF 
glow discharge at room temperature. RF power and duration of treatment were 
investigated in our project. On one hand, ZnO/VACNTs samples grown at RF power 
of 10 W, 20 W and 30 W for 2 mins were studied. On the other hand, ZnO/VACNTs 
samples treated for 2 mins, 4 mins and 30 mins at RF power of 30 W were studied as 
well. For each condition, 5 samples were fabricated and the results were reproducible. 
4.3 Results and Discussion 
4.3.1 Fabrication of S-MWNTs and VACNTs 
The morphology of as-grown S-MWNTs was investigated in terms of flow rate 
change of C2H4 and all samples were characterized by SEM. In Figure 4.1, it is 
clearly seen that the density of S-MWNTs increases as flow rate of C2H4 increases. 
Based on our measurement, the distribution of S-MWNT diameters found in three 
types of samples is summarized in histograms in Figure 4.1. The average diameter of 
S-MWNTs at 10 SCCM of C2H4 is about 66 nm which is the smallest among three 
samples. 






Figure 4.1 The SEM images of as-grown S-MWNTs at C2H4 flow rate of 5 SCCM 
(a) and (b); 10 SCCM (c) and (d); 20 SCCM (e) and (f). (a), (c) and (e) are with a 
magnification of 3000; (b), (d) and (f) are with a magnification of 20,000. 
Distribution of diameters of S-MWNTs on Sample 5 SCCM (g), 10 SCCM (h) and 20 
SCCM (i) are shown in histograms. 
Meanwhile, the SEM images of as-grown VACNTs are shown in Figure 4.2. The 
average diameter of VACNTs fabricated in PECVD with 15 SCCM of C2H2 for 60 
mins was found to be smaller than 20 nm and height of VACNTs film is around 22.4 




µm. Compared to S-MWNTs, VACNTs are better choice for FE test as a result of the 
higher aspect ratio and vertical structure.  
 
Figure 4.2 The SEM images of as-grown VACNTs (a) top view with a magnification 
of 30000; (b) cross section view with a magnification of 2000. 
4.3.2 MOCVD of MoOx-ZnO and VACNTs 
 
Figure 4.3 Top view SEM images of the surface of obtained samples a) pristine 
MWNTs b) WBS deposited MWNTs at 500 °C c) 600 °C and d) 700 °C 
In the previous work done by our research group, both Mo2O3 were 








were found on both types of hybrid emitters. Based on our literature review, ZnO is 
proven to be good field emission materials as well. With the curiosity of effect of 
MoOx and ZnO, FE properties of MoOx-ZnO coated VACNTs were studied.  
 
Figure 4.4 Wide XPS scan of the surface of MWNTs coated by molybdenum oxide 
and zinc oxide at 700°C 
The top view SEM images of pristine VACNTs and WBS deposited samples 
are shown in Figure 4.3 (a)-(d). The topmost surface of all the VACNTs shows a 
relatively disordered structure akin to S-MWNTs. After a combined MoOx-ZnO 
deposition at the substrate temperature of 500 °C, small clustered particles of ~300 
nm are found to be embedded simultaneously side-by-side with the VACNTs as 
shown in Figure 4.3 (b). The density of the CNTs exposed on the topmost surface is 
also observed to be much lower than that of pristine VACNTs. At 700 °C, two 
distinct types of nanostructures are observed. The small clustered particles are ~200 
nm in diameter, while the other denser particles form flake-like plates in a large 
diameter. Comparing this with the results obtained using pure MoO3 deposition, a 
similar morphology was described at the same deposition temperature of 700 °C by 




the same MOCVD system.[17] As such, it can be deduced that the temperature 
modifies the formation of ZnO and MoOx particles differently.  
The nano-sized particles are analyzed by using high resolution XPS and the 
survey scan of the film prepared at 700 °C by MOCVD system is shown in Figure 
4.4. The main elements presented are carbon, oxygen, zinc and molybdenum 
identified on the surface. Within experimental limitations, no contamination is present 
during the deposition process. Subsequently, high resolution scans of molybdenum 
and zinc are carried out to investigate the correlation between quantity of metal-
oxides and substrate temperature in MOCVD process where the results are presented 
in Figure 4.5 and Figure 4.6. In Figure 4.4, the peak located at binding energy of 
233.1 eV is believed to be attributed to Mo6+, which means the surface of all three 
WBS coated samples are mainly covered by MoO3. However, as substrate 
temperature increased, the peak at 229.7 eV which is attributed to Mo4+, becomes 
stronger, indicating that a change in the phase where the formation of MoO2 are 
favoured. Similar results were reported for MoO2 and MoO3 formation.[17] As such, 
the formation of the plate-like structure can be attributed to MoO2 state where 
formation at 700 °C can be directly correlated with the change in oxidation state. The 
peak located at 1021.9 eV in Figure 4.6 is attributed to ZnO. No other oxidation states 
or composite bonds are observed for ZnO.  





Figure 4.5 XPS Mo 3d spin-orbital core level spectra of coating samples obtained at 
500°C, 600°C and 700°C 
 
Figure 4.6 XPS Zn 2p spin-orbital core level spectra of coating samples obtained at 
700°C 
The trends for changes in the normalized peak intensity (Figures 4.5 and 
Figure 4.6) show that absolute quantity of molybdenum and zinc increase as substrate 
temperature increase even though there is a change in the physical morphology. This 
is coherent with the results shown in SEM images, whereas the change of atomic ratio 




between zinc and molybdenum does not follow the trend of substrate temperature 
change. The atomic ratio between zinc and molybdenum at different temperatures is 
tabulated in Table 4.1. At 600 °C, the atomic ratio approaches the highest value. This 
result may be due to the optimum individual deposition rates at that particular 
temperature for zinc oxide and molybdenum oxide in the MOCVD system as the flow 
rates have been constant.[122-124] 
Sample 
 






700°C 0.84 99.16 
Table 4.1 The atomic ratios between zinc and molybdenum at different substrate 
temperatures 
As shown in Figure 4.7, four plots for current density as a function of applied 
electric field within unit distance correspond to the pristine VACNTs and three WBS 
deposited samples obtained at 500 °C, 600 °C and 700 °C respectively. The threshold 
field is defined as the electric field required for 1 mA/cm2 of current density in 
between cathode and anode.[50]  
 
Figure 4.7 Current density as a function of electric field for all obtained samples 





Figure 4.8 The F-N plots for all obtained samples 
Sample Threshold field (V/µm) 
VACNTs 4.85(±0.05) 
500°C  3.6(±0.05) 
600°C 2.6(±0.04) 
700°C 4.25(±0.05) 
Table 4.2 The threshold fields for all the samples 
All the values of measured threshold field for each sample are tabulated in 
Table 4.2. It could be seen that all three samples coated with WBS have lower 
threshold field compared with pristine VACNTs. The sample synthesized at 600 °C is 
found to have the lowest threshold field of 2.6 V/µm. However, both samples 
prepared at 500 °C and 700 °C have relatively higher threshold field, wherein the 
threshold field of the former sample is 3.6 V/µm and about 4.25 V/µm for the latter 
sample. The pristine VACNTs have threshold field of 4.85 V/µm. The effect of 
threshold field reduction in the WBS deposited samples can be because the presence 
of WBS lowers the effective barrier height of electron emission and increases field 
emission area of VACNTs.[109] On the other hand, the poor field emission 
performance of sample obtained at 700 °C can be limited for as a thick layer of WBS 
form a film-like shape and reverse the enhancement, thus leading to charge 
accumulation at WBS- VACNTs interface with little electron supply. P.Rai et al. have 




proven that the protrusions on the surface of VACNTs significantly induced electric 
field drop.[125] In comparison of results reported by Yu et al.7, further introducing 
zinc oxide, besides molybdenum oxides, significantly improves field emission 
performance of VACNTs. According to XPS results, the ratio between zinc and 
molybdenum on the surface of coated samples at 600 °C approaches to the highest 
value, meanwhile the corresponding samples shows the best field emission 
performance. This indicates that it may be the relative quantity of zinc compared with 
molybdenum that takes an important role in field emission performance but not the 
absolute quantity. To investigate the mechanism of this phenomenon, more detailed 
work will be done in the future.  
In this study, zinc oxide and molybdenum oxides are successfully deposited 
onto MWNTs by MOCVD with Zn(C5H7O2)2 and Mo(CO)6 precursors. Compared 
with pristine VACNTs samples, all deposited samples show much lower threshold 
field, however, there is no significant structure modification among three coated 
samples. WBS can result in this phenomenon by a) decrease of effective barrier 
height of electron emission; b) increase of electron emission area. We also found that 
quantity ratio between zinc and molybdenum on the surface might affect FE 
properties of coated MWNTs. 
4.3.3 Sputtering of ZnO on S-MWNTs and VACNTs 
ZnO was deposited on both S-MWNTs and VACNTs in the same RF sputtering 
system as the one used for iron catalyst deposition. In order to compare the FE 
properties and nanostructures of these two different types of MWNTs, both S-
MWNTs and VACNTs samples were sputtered for 20 mins under the same 
conditions. The power used was 100 W and the pressure during deposition was 0.01 
Torr.  




Figure 4.9 shows SEM images of ZnO/S-MWNTs. The S-MWNTs were 
synthesized in our previous TCVD system at the C2H4 flow rate of 7.5 SCCM. From 
the top view image of ZnO/S-MWNTs, ZnO was uniformly coated on top of S-
MWNTs and the diameter of ZnO/S-MWNTs varies as that of the original S-
MWNTs. More information was obtained from the cross-sectional view image that 
not only the top of S-MWNTs was coated but also the whole bodies of S-MWNTs. 
 
Figure 4.9 SEM images of ZnO/S-MWNTs (a) the top view shows ZnO/S-MWNTs 
have variation of diameter in a wide range; (b) the cross-sectional view reveals the 
height of ZnO/S-MWNTs is around 2~3 µm which is similar to pristine S-MWNTs. 
  
Figure 4.10 (a) SEM top view image shows uniform ZnO/VACNTs and the average 
diameter is around 140 nm; (b) cross-sectional view reveals only the top of VACNTs 
were coated by ZnO. 
On the other hand, ZnO/VACNTs were also characterized by SEM. It is 
interesting to find that only the top of VACNTs were coated by ZnO as shown in 
Figure 4.10 (b), which is different from that of S-MWNTs. This is due to the limited 
depth of sputtering. VACNTs were around 14 µm in length. The diameters of 
(b) (a) 




ZnO/VACNTs tips were around 140 nm and quite identical due to the original 
VACNTs.  
In addition, Zn and O were confirmed by comparing the two EDX spectra of 
VACNTs before and after sputtering in Figure 4.11. 
 
Figure 4.11 EDX spectra of pristine VACNTs and ZnO/VACNTs were shown in (a) 
and (b) respectively. 
4.3.4 Etching Power Effect 
The RF power during RIE process is one of the main factors to affect the results 
of doping. As-prepared ZnO/VACNTs samples were etched in aforementioned RIE 
system for 2 mins with 30 SCCM of CF4 as F source. In order to investigate how RF 
power in RIE system affects the morphology and chemical states of ZnO/VACNTs, 




and thereby the FE properties, the RIE treated ZnO/VACNTs samples with RF power 
of 10 W, 20 W and 30 W were characterized by SEM, EDX, Raman and XPS. The 
pristine VACNTs and ZnO/VACNTs samples were set for comparison. 
 
Figure 4.12 (a) J-E and (b) F-N characteristic of 5 different samples: black curve 
represents pristine VACNTs, red curve represents ZnO coated VACNTs, blue curve 
represents RIE treated ZnO/VACNTs under 10 W, green curve represents RIE treated 
ZnO/VACNTs under 20 W, pink curve represents RIE treated ZnO/VACNTs under 
30 W. 
Firstly, FE properties of pristine VACNTs, ZnO/VACNTs and all three types of 
RIE treated samples were tested in our FE system. The FE current density versus 
electric field characteristic is shown in Figure. 4.12 (a). The threshold field is defined 




as the field required obtaining an emission density of around 1 mA/cm2. The 
threshold fields of all samples are summarized in Table 4.3. It is surprising to find that 
ZnO/VACNTs have much higher threshold field than pristine VACNTs, however The 
RIE treated sample under 10 W (Sample 10 W) performs much better than 
ZnO/VACNTs and even better than pristine VACNTs. When RF power increases to 
20 W, the threshold field of Sample 20 W has similar value to 3.1 V/µm of Sample 10 
W. Among all samples, Sample 30 W owns the lowest threshold field of 2.6 V/µm. 
Figure 4.12 (b) shows the F-N plots of which linearity demonstrates electrons are 
emitted following FE mechanism. 
 VACNT ZnO/VACNTs 10 W 20 W 30 W 
Threshold Field 3.3(±0.05) - 3.1(±0.03) 3.2(±0.02) 2.6(±0.03) 
Table 4.3 Theshold fields of pristine VACNT, ZnO/VACNTs, 10 W, 20 W and 30 W 
It is believed that surface morphology of CNTs dramatically affects their FE 
properties. According to previous work done by other groups [112, 113, 126, 127], 
ZnO nanostructure should be a positive role for FE properties of CNT due to its low 
electronegativity and sharp tips, however, ZnO plays the negative effect in this case. 
Firstly the protruded CNT tips are flattened by ZnO coating. Furthermore, the height 
of VACNTs film is shortened from 14 µm to 13.2 µm after sputtering. The 
combination of these two effects may result in worse FE property of ZnO/VACNTs 
compared to pristine VACNTs. In Figure 4.13 SEM top view images of 
ZnO/VACNTs, Sample 10 W, Sample 20 W and Sample 30 W are shown at both low 
and high magnification. Based on our measurement, both diameter and density of 
VACNTs on all samples are quite identical. Besides, the lengths are almost same, 
which means they are estimated to have similar high aspect ratio. Therefore, the 
enhanced FE properties of Sample 10 w, 20 w and 30 w must be due to other reasons 
which need to be further investigated. 






Figure 4.13 EM images of pristine ZnO/VACNTs (a) and (b); RIE treated at power of 
10 W (c) and (d); 20 W (e) and (f); 30 W (g) and (h). Images (a), (c), (e) and (g) are 
under magnification of 3000; Images (b), (d), (f) and (h) are under magnification of 
30,000. 





Figure 4.14 Raman spectra of Sample 10 W, Sample 20 W and Sample 30 W. The 
peaks at around 1350 cm-1 indicate D band and the peaks at around 1580 cm-1 indicate 
G band. 
 ID IG ID/IG 
ZnO/VACNTs 1634 1190 1.37 
Sample 10 W 1280.4 975.1 1.31 
Sample 20 W 980.8 750.5 1.31 
Sample 30 W 1184.7 901.2 1.31 
Table 4.4 The intensity of D band and G band and their ratios of ZnO/VACNTs, 
Sample 10 W, Sample 20 W and Sample 30 W 
Raman is an exceedingly powerful tool to examine electronic structure of CNTs. 
Figure 4.14 shows Raman spectra of Sample 10 w, Sample 20 w and Sample 30 w in 
the region between 1200~1700 cm-1. The peak locates at around 1350 cm-1 is called D 
band which indicates the disordered or amorphous carbon and the other peak locates 
at around 1580 cm-1 is named G band which indicates graphite or ordered carbon. The 
intensity ratio between D band and G band is commonly used to evaluate the quality 
of CNTs. As indicated in Table 4.4, the value of ID/IG of pristine ZnO/VACNTs is a 
little higher than RIE treated samples because CF4 plasma etched off the outer layer 
of amorphous carbon on sidewall of CNTs, therefore more graphitic structure came 
outside. It is interesting to find that the ID/IG of RIE treated samples does not change 
as the RF power increases, which excludes the contribution of disorder level of 




VACNTs, since some groups reported that defects or disordered structure in CNTs 
enhanced FE properties [17, 113]. However, the enhancement of FE performance 
among RIE treated samples is not attributed to structural change of VACNT bodies. 
EDX results of pristine ZnO/VACNTs and Sample 30 W shown in Figure 4.15 
below demonstrate successful doping of F into our ZnO/VACNTs samples. So the 
content of F in ZnO/VACNTs may result in the FE enhancement.  
 
Figure 4.15 EDX spectra of ZnO/VACNTs (a) and Sample 30 W (b) with 
corresponding elements labelled. 
XPS is a surface characterization technique and thereby can give information 
about fluorination on the surfaces of our hybrid composites. To better understand the 
variation of FE properties of as-produced samples, XPS characterization has been 
carried out on RIE treated samples. The XPS spectra of Sample 30 W are shown in 
Figure 4.16. In Figure 4.16 (a), the peaks at 284.5 eV and 285.8 eV correspond to C-C 
bond and C-O bond. The other two peaks at around 288.6 eV and 289.7 eV indicate 
C-F bond and C-Fx (x>1) bond respectively. The strong peak at 684.3 eV indicates F-
Zn bond in Figure 4.16 (b) and F-C and Fx-C (x>1) locate at 687.2 eV and 688.3 eV. 
Although it is confirmed that F has chemically bonded to VACNTs from both narrow 
spectra of C and F, most F was bonded to Zn based on the area contrast in spectrum of 
F. The F-Zn peak is also found at 1022.8 eV in zinc narrow XPS spectra in Figure 
4.17. For elucidating how much fluorination of ZnO coating is, the atomic ratio of F 
to Zn is calculated. The values of F/Zn are 0.7 for Sample 10 W and 20 W, and 0.9 for 




Sample 30 W. In contrast Zn-O bonding decreases as RF power increases. This may 
explain why threshold fields of both Sample 10 W and Sample 20 W are similar and 
that of Sample 30 W is much lower. Higher the power is, more F is doped into ZnO 
coating and more O is replaced by F which released one extra electron. Therefore the 
conductivity of ZnO coating is believed to be increased due to the doping of F as well 
[119]. The enhancement of FE property may be attributed to this increase of 
conductivity. 
 
Figure 4.16 Narrow XPS spectra of C (a) and F (b) of Sample 30 W. 





Figure 4.17 Narrow XPS scan of Zn of Sample 10 W, Sample 20 W and Sample 30 
W. 
In summary, from the XPS spectrum of F 1s, F bonded to C is very few, but in 
contrast F is mainly bonded to Zn. As RF power is higher, more F replaces O in ZnO, 
which releases extra electrons. We believe that these extra electrons contribute to the 
enhancement of FE property of ZnO/VACNTs since morphology and microstructure 
of VACNTs do not change much which is demonstrated by SEM and Raman spectra. 
4.3.5 Duration Effect 
Duration of RIE treatment is another main factor for this FE test. We continued 
to dope F for longer time following the RIE conditions of Sample 30 W (Here its 
sample label is changed to Sample 2 mins). Other ZnO/VACNTs samples were 
treated for 4 mins (Sample 4 mins) and 30 mins (Sample 30 mins) at RF power of 30 
W with CF4 of 30 SCCM. The pristine VACNTs and ZnO/VACNTs samples were set 
at comparison again. 
The FE results of J-E and F-N characteristic are shown in Figure 4.18. The 
threshold fields and gradient of all samples are summarized in Table 4.5. Sample 4 
mins almost has same FE performance as Sample 2 mins. However, Sample 30 mins 




has much lower threshold field of 2.1 V/µm. The FE mechanism is confirmed by 
linearity of F-N plots among all samples again.  
 
Figure 4.18 (a) J-E and (b) F-N characteristic of 5 different samples: black curve 
represents pristine VACNTs, red curve represents ZnO coated VACNTs, green curve 
represents RIE treated ZnO/VACNTs for 2 mins, blue curve represents RIE treated 
ZnO/VACNTs for 4 mins, cyan curve represents RIE treated ZnO/VACNTs for 30 
mins. 
 VACNT ZnO/VACNTs 2 mins 4 mins 30 mins 
Threshold 
Field 3.3(±0.05) - 2.6(±0.03) 2.7(±0.03) 2.1(±0.04) 
Table 4.5 Threshold fields of pristine VACNT, ZnO/VACNTs, 2 mins, 4 mins and 30 
mins 





Figure 4.19 SEM images of RIE treated samples for 2 mins (a) and (b); 4 mins (c) 
and (d); 30 mins (e) and (f). Images (a), (c) and (e) are under magnification of 3000; 
Images (b), (d) and (e) are under magnification of 30,000. 
 
Figure 4.20 The high resolution SEM images of Sample 2 mins (a) and 30 mins (b). 
Nano-particles were formed on the sidewall of VACNTs after 10 mins’ RIE 
treatment. However, they could not be observed on Sample 2 mins. 




More information about morphology of RIE treated ZnO/VACNTs samples were 
obtained by SEM images shown in Figure 4.19. There is no obvious morphological 
change among three types of samples from the top view images. However, it is easily 
observed that nano-particles are formed on the sidewall of VACNTs on Sample 30 
mins but not on Sample 2 mins in Figure 4.20. In addition, the nanostructure of ZnO 
coating was investigated by TEM in Figure 4.21. It is shown that the crystallinity of 
ZnO is not destroyed by F incorporation, which indicates the tips of VACNTs 
underneath the ZnO coating remain intact and F mainly interact with ZnO instead of 
CNTs. In the past, Zhu et al. reported in their work that the process of CF4 RIE 
treatment on CNTs consists of two steps, plasma etching and plasma deposition [45]. 
They demonstrated that the iron nano-particles were derived from inside CNTs. With 
long term of treatment, deposition of carbon dominated the process and iron nano-
particle was covered by amorphous carbon. 
 
Figure 4.21 TEM of ZnO coating on Sample 4 mins. 






Figure 4.22 Raman spectra of Sample 2 mins, Sample 4 mins and Sample 30 mins. 
The peaks at around 1350 cm-1 and 1580 cm-1 indicate D band and G band 
respectively. 
 ID IG ID/IG 
ZnO/VACNTs 1634 1190 1.37 
Sample 2 mins 1184.7 901.2 1.31 
Sample 4 mins 1406.9 1086.6 1.29 
Sample 30 mins 980.4 686.3 1.42 
Table 4.6 The intensity of D band and G band and their ratios of ZnO/VACNTs, 
Sample 2 mins, Sample 4 mins and Sample 30 mins.  
The Raman results are shown in Figure 4.22 and summarized in Table 4.6. The 
findings can be interpreted that within 4 mins, plasma etching dominates the RIE 
process, therefore amorphous carbon on sidewall of VACNTs is etched out. Therefore 
ID/IG of Sample 4 mins is slightly smaller than that of Sample 2 mins. Plasma 
deposition of carbon becomes dominated after 4 mins, amorphous carbon formed on 
sidewall of CNTs which is consistent with the above SEM results. 
Narrow XPS scans of Zn for Sample 2 mins, 4 mins and 30 mins are shown in 
Figure 4.23. The content of Zn-F increases but Zn-O decreases as duration increases. 
It indicates that more Zn-O are broken by F, thus more extra electrons can contribute 
to FE which may be one reason for enhancement of FE on fluorinated samples. 





Figure 4.23 Narrow XPS spectrum of Zn for Sample 2 mins, 4 mins and 30 mins. 
For duration effect, the change of content of Zn-F is not so dramatic that the 
microstructure of VACNTs bodies may be involved in the contribution of 
enhancement of FE performance as well. Overall, within 2 mins of treatment, the 
amorphous carbon on bodies of VACNTs is etched off and more graphitic structure 
appears which contributes to decreasing ID/IG. After another 2 mins of etching, more 
amorphous carbon is removed while the content of Zn-F increases and Zn-O 
decreases slightly. The combining effect results in the similar FE property of Sample 
4 mins to that of Sample 2 mins. However, after 4 mins, the plasma deposition 
becomes dominant and nano-particles have been observed by SEM. The 
corresponding Raman plots also show that proportion of defects or amorphous carbon 
increases. Thus, the low threshold field of Sample 30 mins should be due to the 
combining effect of free electrons in ZnO and defects on VACNT bodies. 
4.4 Summary 
To sum up, the fabrication of S-MWNTs and VACNTs were completed by 
TCVD and PECVD respectively. Thereafter, MoOx-ZnO thin films was coated on top 
of VACNTs as-grown samples and their FE properties were studied. Meanwhile, ZnO 




coatings on both of S-MWNTs and VACNTs were studied by SEM and EDX. It is 
found that ZnO/VACNTs nanocomposite is a better choice for FE study due to its 
high aspect ratio and vertical structure. Lastly the as-prepared ZnO/VACNTs samples 
were treated by CF4 plasma in RIE system. The effect of RF power and duration of 
treatment on FE property of ZnO/VACNTs were investigated. The threshold fields of 
Sample 10 W and 20 W are around 3.0 V/µm. Sample 30 W have much better FE 
performance compared to the former two samples with a threshold field of 2.6 V/µm. 
All of the RIE treated samples have lower threshold fields than that of pristine 
VACNTs and pristine ZnO/VACNTs. Based on the analysis of results of SEM, 
Raman spectroscopy and XPS, the enhancement of FE property is believed to be 
attributed to extra electrons in ZnO coating resulting from increasing Zn-F bond and 
decreasing Zn-O bond. On the other hand, duration effect of RIE treatment on FE 
property of ZnO/VACNTs nanocomposite was also studied. Three types of samples 
treated for 2 mins, 4 mins and 30 mins were compared and it is interesting to find that 
Sample 2 mins and Sample 4 mins have very similar J-E characteristics. However, 
when duration of treatment increases to 30 mins, the threshold field decreases 
dramatically to 2.1 V/µm. By the analysis of results obtained through SEM, TEM, 
Raman spectroscopy and XPS, the enhanced FE property of RIE treated 
ZnO/VACNTs samples is believed to be due to the increased content of F in ZnO 
coating and defects or amorphous carbon on sidewalls of VACNTs.  










5 Impact Resistance Properties of CNTs 
Reinforced Abalone-shell-like Epoxy 
Composites 
This chapter focuses on the investigation of impact resistance properties of CNTs 
reinforced epoxy composites. First, an introduction of as-used materials and unique 
structure for impact resistance applications is presented in Section 5.1. The 
experimental details, modification of fillers and assembly of abalone-shell-like 
samples are presented in Section 5.2. In Section 5.3, the preliminary results are 
presented in terms of two types of fillers, i.e. CNTs-grown CC (CNTs-CC) and CNTs 
impregnated silicone (CNTs-silicone). Subsequently, a systematic study of the impact 
resistance properties of CNTs reinforced epoxy composites, which includes the 
growth duration effect of CNTs on CC, fluorination effect of CNTs on CC and 
concentration effect of CNTs in silicone is detailed in Section 5.4. 
5.1 Introduction 
As the safety concerns against terrorism arise in the public, U.S. government is 
experimenting with new forms of body armour and blast-resistant protection shields. 
Reported from USA TODAY, the average number of troops wounded per month by 
improvised explosive devices has increased more than 10 folds from 2008 to 2010. In 
recent years, the rising violent crime rate and terrorism attacks in the public have 
become increasingly threatening on the safety of citizens in their daily routine. 
Traditional low-cost steel armour on battle vehicles provides adequate protection 
for on-board personnel. However, this type of heavy armour contributes prohibitively 
extra weight to the battle vehicles, which not only results in low fuel efficiency but 
also poor mobility. Thereby, U.S. vehicles became easy to enemy fire in Iraq and 





Afghanistan. On the contrary, soft armour such as Kevlar woven fabrics attracts much 
attention since it is lightweight and comfortable to wear. Despite the prevention of 
bullet penetration into the human body by the Kevlar woven fabrics, fatal internal 
injuries to organs often result from the high stopping impact. As such, the protection 
of soldiers and citizens against bullet related injuries demands a comprehensive 
consideration of both safety and practical usability. 
5.1.1 Abalone-shell-like Structure 
In an ideal situation, lightweight body armour and anti-ballistic layer of vehicle 
shell should possess the capability to absorb maximum kinetic energy and preventing 
perforation by incoming high-speed projectile or debris. This is of extreme difficulty 
to achieve in terms of design of armour structure and selection of materials. However, 
a potential structure model for future armour and protection systems exists in nature 
in the form of an abalone shell. The abalone shell is an sandwich-like composite 
where organic adhesive are present in between hard inorganic compounds, thus 
possessing a fracture resistance of 3000 times higher than any single pure mineral 
crystal [128, 129]. It was proven by Smith et al. that this amazing mechanical 
property was achieved by the organic adhesive which only took up a few weight 
percentages but played the key role to bear large external force [130]. In addition, 
Qiao et al. wrote a review of high energy absorbing materials with a special attention 
on sandwich structure [131]. Therefore, a hybrid composite consisting of proper 
selection of hard and soft materials with an abalone-shell-like structure may serve as a 
“perfect” anti-ballistic body armour. 




5.1.2 Selected Materials 
Epoxy resins became popular in various industries as early as the 1950s because 
they offer high strength/weight ratio, excellent resistance to corrosion and good 
dimensional stability. As such, epoxies are often used in aerospace, chemical plant 
and automotive applications. Epoxy can be fabricated by cross-linking reaction 
between epoxy resins and hardeners. The hardeners include a wide range of reactants 
such as acids, phenols, polyfunctional amines, alcohols and thiols. With decent ratios, 
epoxy cylindrical samples can be moulded at room temperature which is very 
favorable for mass production. The temperature of epoxy rises as the resins and 
hardeners mix together and heat is dissipated to external environment in situ. As the 
curing process proceeds, the viscosity of the epoxy mixture reduces. The mechanical, 
electrical and heat resistance properties have been reported influenced by different 
curing conditions [132, 133]. 
Silicones are polymers consist of silicon, carbon, hydrogen and oxygen. They can 
exit in different physical states, and some of the common types of silicones are such 
as silicone rubber, silicone grease and silicone resin. In general, silicones possess low 
electrical and thermal conductivity, low chemical reactivity, good thermal stability, 
excellent adhesion and excellent resistance to oxygen and ultraviolet light. With the 
various attractive properties, silicones found important applications in industry 
applications such as sealant for lubricant for brake components, hydrophobic coatings 
for glass, active compound for defoamers, and protecting matrix for electronics. 
CC is made of woven carbon fibres, which are lightweight, strong and highly 
electrical conductive. It has high specific surface area and thus beneficial for 
applications which require high surface interaction. For example, in industrial sector, 
CC is frequently used for air conditioning, cabin air filtration, catalyst media, 





conservation, domestic odor control, electrodes, emission control, fuel cells, personal 
protective equipment, purification filters, regenerative filters, sensor protection, 
solvent recovery and water filtration. 
Although silicone and CC have obvious physical and chemical differences from 
each other, they both can serve as matrices to support CNTs in abalone-shell-like 
structure of anti-ballistic samples.  
5.1.3 CNT Enhancement in Impact Resistance Applications 
Mixing fillers into polymer matrices is one of main methods to improve the 
properties of polymers. For example, the applications of silicone can be extended into 
various areas by incorporating different type of fillers such as nanoclay, carbon black 
and CNTs [134-136]. CNTs have been recognized as the strongest artificial material 
to date, 300 times stronger than high-carbon steel. As such many attempts were 
carried out to improve mechanical property of various polymer matrices with the help 
of CNTs. Since an early attempt by Ajayan et al. to mix epoxy matrix with CNTs, 
hundreds of research publications have been reported on the reinforcing mechanical 
property of CNTs nanocomposite [41]. More information on the research on CNT-
polymer composites in terms of chemistry, processing and their electrical and 
mechanical properties can be found in the review by Spitalsky et al. [42]. In general, 
enhanced tensile strength, Young’s modulus, toughness and storage modulus of 
composites were found among all investigated matrices. For example, Agnihotri et al. 
grew CNT forests directly on carbon fibres (CFs), and embedded them into polyester 
matrix thereafter [43]. It was found that the length and density of CNTs were 
proportional to the growth time. Besides, both storage modulus and interfacial shear 
stress of CF-CNT/polyester composites showed continuous enhancement as growth 




time increased up to 20 mins. On the contrary, longer growth time of CNTs caused 
poorer mechanical property of the composites. This may be attributed to the higher 
density of CNTs forest leading to less interlocking between CFs and polyester matrix. 
Also, longer CNTs failed on their body instead of polyester. This indicates that failure 
mechanism of CNT/polymer composites varies with the length of CNTs. Besides, It 
was reported that Vast et al. have successfully dispersed purified and functionalized 
MWNTs into silicone elastomer [44]. With increasing the weight percentage, pure 
MWNTs slightly improved Young’s modulus of composite, but those MWNTs 
functionalized with 7OTCS surprisingly provided a 50% improvement instead. This 
result is attributed to the higher level of interlocking between MWNTs-7OTCS and 
epoxy than their untreated counterpart. From the results of the above two works, it is 
clear that interlocking and bonding between CNTs and matrix materials are critical to 
the mechanical property of composites. 
However, limited research works have been devoted to study on the impact 
resistance properties of abalone-shell-like CNTs-silicone epoxy and CNTs-CC epoxy 
composites. This dissertation focuses on the effects of fluorination and concentration 
of CNTs in abalone-shell-like epoxy composites. These unique modified CNTs 
reinforced epoxy composites are expected to form excellent novel armours. 
5.2 Experimental 
5.2.1 Fabrication of Fillers 
In this dissertation, CC was purchased from BASF Fuel Cell, Inc.. Then 
VACNTs were grown on the CC by PECVD. A layer of 10 nm-thick aluminium film 
was firstly sputtered on the surface of 30 mm-diameter CC. Then a 14.8 nm-thick film 
of iron catalyst was formed on top of the aluminium film by RF magnetron sputtering 
system Denton Discovery-18 at 0.01 Torr. At last, the as-sputtered CC substrates were 





transferred into PECVD chamber for growth of CNTs. At the start, the substrates 
were heated up in a high vacuum of 10-6 Torr at 700 oC. Subsequently, the plasma of 
100 watts was generated by 60 standard cubic centimeters per min (SCCM) of H2. In 
the end, 15 SCCM of C2H2 were carried into chamber as carbon source to grow the 
aligned CNTs. In this dissertation, the length of CNTs was determined by controlling 
the growth duration, which were 10 mins, 30 mins, 60 mins and 120 mins. Among all, 
the CNTs-CC samples with 120-min growth duration were fluorinated by CF4 for 30 
mins in the RIE system with RF power of 30 watts and CF4 flow rate of 30 SCCM. 
The RIE system used in this project was SAMCO Model RIE-1C. 
Meanwhile, the silicone resin (Model: WS-5) was directly bought from 
WELLSHZ Pte Ltd and CNTs (Model: L-MWNT-1020 and L-MWNT-2080) were 
purchased from Shenzhen Nanotech Port Co. Ltd. The synthesis proceeded as 
follows. First, the CNTs were uniformly mixed with WS-5 Component A at ambient 
temperature. Subsequently, the same weight of WS-5 Component B was added in. 
Thereafter, the temperature of samples was increased to 150 oC at the heat-up rate of 
2 oC/min and the samples were subsequently held for 30 mins to get bubbles removed. 
At last, the samples were naturally cooled to room temperature. Besides, pure silicone 
samples were synthesized following the same method without adding CNTs. 
5.2.2 Fabrication of Abalone-shell-like Epoxy Composites 
The EpoxiCure Cold Mounting Kit consisting of resin and hardener was bought 
from Microactive Scientific (Singapore) Pte Ltd.. The aforementioned as-prepared 
CNTs-silicone or CNTs-CC was impregnated into epoxy as cushion layer. First, the 
epoxy resin and the hardener were mixed with weight ratio of 5:1 at ambient 
temperature. Second, the mixture of liquid epoxy was poured into 32 mm-diameter 




molds with cushion layers of CNTs-silicone or CNTs-CC placed inside. Third, the 
abalone-shell-like samples were solidified by 10-hour curing. At last, the as-solidified 
samples were grinded into 10 mm or 22 mm in thickness for different series of 
experiments. Based on the concentration of CNTs and fluorination factors, the 
samples in this study will be labelled accordingly in each result and discussion 
session. 
 
Figure 5.1 Schematic drawing of abalone-shell-like structure of as-prepared anti-
ballistic samples. The soft layer sandwiched in between two epoxy layers is either 
CNTs-silicone or CNTs-CC.  
5.2.3 Characterization Methods 
The impact tests were carried out in the He gas gun system, where the velocity of 
1.5-gram projectiles was controlled by the pressure of He and calculated according to 
the recorded photos by high-speed camera, referring to Figure 5.2. For further 
analysis of the failure mechanism, DMA Q800 was utilized to investigate the storage 
modulus and the loss modulus of CNTs-silicone cushion layer at 25 oC with 
oscillation frequency of 200 Hz. The multi-strain mode of DMA was chosen to 
simulate practical impact test. At last, the failure surfaces of cushion layers were 
examined by Zeiss Supra 40 FE SEM at nanoscale. 






Figure 5.2 The gas gun system to test the impact resistance properties of abalone-
shell-like samples.  
5.3 Preliminary Results and Discussion 
5.3.1 CNTs-CC Epoxy Composites 
Prior to the systematic study of impact resistance properties of CNTs-CC epoxy 
composites, a preliminary study was proceeded by using the gas gun system to 
estimate the bullet-proof capability of CNTs reinforced epoxy composites.  
At first, 22 mm-thick pure epoxy samples were impacted by projectiles with 
velocity of 75.6 m/s. As shown in Figure 5.3, there is no crack propagation or 
deformation in the bulk of samples at all. However, from the observation on the 
surface of pure epoxy samples, a shallow indent is formed at the spot of impact. 
Therefore, the failure mechanism of pure epoxy samples is believed to be 
deformation.  





Figure 5.3 The photos of impact process of pure epoxy samples with thickness of 22 
mm impacted by projectiles with velocity of 75.6 m/s, where the interval between 
each two adjacent photos is 150 µs. The 3 images describe the process of sample from 
pre-impact to post impact in sequence. 
Among many failure mechanisms, deformation is very common in metal alloys 
and polymers. Deformation is defined as change in the volume and/or shape of a 
material under applied force including elastic deformation and plastic deformation. 
Plastic deformation in polymers takes place from molecular chains untangling, where 
external energy is stored. In this experiment, the pure epoxy samples formed 
irreversible deformation to absorb the kinetic energy of imparting projectiles. 
Whereas, without other mechanisms being involved, such as cracking, spalling and 





fracture, the EA of the pure epoxy samples in this test is found to be 67.3%, which is 
too low such that the bounce-off velocity of projectiles may cause a second impact on 
surrounding entities. 
In the same gas gun system, CC embedded epoxy composites with same 
thickness were tested as well. In order to know their anti-ballistic performance under 
high-speed impact, the velocity of projectiles was increased to 230.7 m/s. CC 
embedded epoxy composites were designed to have two layers of CC in the front and 
one layer in the middle with consideration of nature of wave propagation. As shown 
in Figure 5.4, despite no cracks found in both samples, the damage of CC embedded 
epoxy samples is very different from the pure epoxy samples. The two layers of CC in 
the front successfully stop any potential cracks from propagating deep into the bulk 
implying different failure mechanisms other than cracking. Figure 5.5 shows the front 
surface of post-impact CC embedded epoxy composite. It is evident from the 3 mm-
diameter white circular area around the imparting spot that epoxy possibly self-melted 
due to the heat transformed from kinetic energy of projectiles. Mohagheghian et al. 
also found heat softening phenomenon occurred during the impact on LLDPE plates, 
which they believed resulted from adiabatic heating [137]. Epoxy is well known for 
its high thermal stability. Therefore, in this test, instantaneous heat was localized at 
the imparting spot such that temperature was sufficiently high to melt local epoxy. 
More experiments need to be carried out to understand the triggering mechanism of 
such phenomenon, but this uncommon finding among our other results reveals 
possibility of modifying anti-impact materials for distinct purposes. 
 





Figure 5.4 The photos of impact process of 22 mm-thick CC embedded epoxy sample 
with two layers of CC positioned in the front and one layer in the middle of epoxy 
composite impacted by a projectile with velocity of 230.7 m/s, where the interval 
between each two adjacent photos is 150 µs. The 3 images describe the process of 
sample from pre-impact to post impact in sequence. 






Figure 5.5 The photo of the front surface of CC embedded epoxy sample after impact 
test. 
5.3.2 CNTs-Silicone Abalone-shell-like Epoxy Composites 
Three types of abalone-shell-like silicone epoxy composites were tested by 
projectiles at a constant velocity. Pure silicones (Sample Pure), silicones with CNTs 
mass concentration of 1% (Sample 1) and silicones with CNTs mass concentration of 
3% (Sample 3) were chosen as the cushion layers in the abalone-shell-like structure 
respectively. 
Figure 5.6 displays the imparting processes of Sample Pure, Sample 1 and 
Sample 3 respectively. At the velocity of about 330 m/s, projectiles cause different 
levels of damage on three types of samples. It is noteworthy that only the back-layer 
epoxy of Sample 3 remains intact after impact. On the contrary, those of Sample Pure 
and Sample 1 both are smashed. This indicates that the remained kinetic energy of 
projectiles that imparts on the back-layer epoxy of Sample 3 is smaller than those of 
Sample Pure and Sample 1. This intactness of back-layer epoxy makes numerous 
applications possible in practice, i.e. embedded impact detector, non-destructive anti-
ballistic equipment. Furthermore, no CNTs-silicone fragments found on the interface 




between back-layer epoxy and cushion layer also implies that the bonding between 
epoxy and CNTs-silicone cushion layer is very weak, which can prevent energy 
transferred to back layer. In order to better understand the phenomena, the photos of 
cushion layers of Sample Pure, Sample 1 and Sample 3 are displayed from left to 
right in Figure 5.7. Pure silicone breaks into halves along a radial direction passing 
the imparted spot. Whereas, cushion layers of Sample 1 and Sample 3 have only a 4 
mm-diameter hole. This result suggests that CNTs may increase the ductility of 
silicone which affects the failure mechanism of abalone-shell-like epoxy composites 




Figure 5.6 The photos of the imparting processes of projectiles on Sample Pure, 
Sample 1 and Sample 3 recorded by the high-speed camera, where the interval 
between each two adjacent photos is 150 µs. Each row of images describes the 
process of each sample from pre-impact to post impact in sequence. 
 






Figure 5.7 The photo of cushion layers of Sample Pure, Sample 1 and Sample 3 
(from left to right) after impact tests. 
For better understanding of failure mechanisms in micron scale, Figure 5.8 
shows the SEM images of Sample Pure (a), Sample 1 (b) and Sample 3 (c) after 
impact tests. It is found that CNTs, 80-100 nm in diameter, are dispensed into silicone 
matrix in Sample 1 and Sample 3. Furthermore, CNTs density of Sample 3 is much 
higher than that of Sample 1, which results in higher interlocking area. The DMA 
results show that storage modulus of Sample 3 is 8.3 times and 2.5 times higher than 
those of Sample Pure and Sample 1. (The detailed DMA results will be shown in the 
next session.) This means Sample 3 has much higher capability of storing kinetic 
energy from impact projectiles, meanwhile protecting back-layer epoxy from serious 
impact. 





Figure 5.8 The SEM images of (a) Sample Pure, (b) Sample 1 and (c) Sample 3 after 
impact tests at a magnification of 10000. 





Figure 5.9 displays a SEM cross-sectional view of Sample 3 after impact test at a 
high magnification of 50000. This detailed image provides strong evidence that 
bonding between CNT and silicone is sufficiently strong such that failure mainly 
occurred within silicone, where a 30 nm-thick silicone shell wraps over an around 30 
nm-diameter CNT. The same phenomenon is discovered on Sample 1 as well. This 
phenomenon was discovered across the samples, which provides information of the 
failure mechanism. One failure mechanism of CNT-silicone soft layer is the fracture 
of CNTs. From the wrap-up of silicone over CNTs indicates that the other failure 
mechanism is break inside silicone.  
 
Figure 5.9 The SEM cross-sectional view of a CNT wrapped by silicone on peeled 
surface of Sample 3 at a high magnification of 50000. 
Table 5.1 shows the impact and residual velocities, kinetic energy of projectiles 
and the EA of Sample Epoxy, Sample Pure, Sample 1 and Sample 3. Note that, all 
three abalone-shell-like samples have very high EAs which are over 97%. On the 
contrary, that of Sample Epoxy (Impact test results of Sample Epoxy is not shown in 
this dissertation) only reaches 73.3%. This validates that abalone-shell-like soft/brittle 
structure is far more efficient in EA than monolithic pure epoxy. However, it is found 




that content of CNTs in silicone cushion layer have little help to increase the EA 
among these samples. Sample Pure has EA of 98.7% and Sample 1 has the highest 
EA up to 99.1%, but more CNTs content causes Sample 3 to have the EA of 97.6%.  
Sample vi (m/s) vr (m/s) Ei (J) Er (J) EA (%) 
Sample Epoxy 338.7 174.9 85.3 22.8 73.3 
Sample Pure 329 37.4 80.5 1.0 98.7 
Sample 1 332.9 30.7 82.5 0.7 99.1 
Sample 3 334 51.4 83.0 2.0 97.6 
Table 5.1 velocity vi and residual velocity vr, impact kinetic energy Ei and residual 
kinetic energy Er of projectiles and EA of Sample Epoxy, Sample Pure, Sample 1 and 
Sample 3 respectively. 
To sum up, these results illustrate three points. First, abalone-shell-like silicone 
epoxy composites are far more efficient on EA than monolithic epoxy. Second, there 
is no obvious enhancement of EA from the contribution of CNTs. Third, 
concentration of CNTs in silicone may be critical to determine failure mechanisms 
during impact tests. 
5.4 Systematic Results and Discussion 
A systematic study on CNTs reinforced epoxy composites was conducted in two 
paralleled directions. In the first direction, the growth duration effect and the 
fluorination effect of CNTs on the impact resistance properties of CNTs-CC epoxy 
composites. In the second direction, the EA and failure mechanisms of the silicone 
epoxy composites with CNTs concentration of 3% were studied. At last, the 
concentration effect of CNTs on impact resistance properties of CNTs-silicone epoxy 
composites. 





5.4.1 Fluorination of CNTs-CC on Impact Resistance Properties of 
Abalone-shell-like Epoxy Composites 
CNTs grown on CC can enlarge the interface between fillers and epoxy matrix. 
Furthermore, the fluorination of CNTs-CC can modify the interaction between CNTs 
and epoxy matrix. Therefore, two series of experiments, the growth duration effect 
and the fluorination effect of CNTs on impact resistance properties of abalone-shell-
like epoxy composites, were studied in this session. 
In the first series, the growth duration effect of CNTs was investigated. As 
aforementioned, the length of CNTs was controlled by growth duration during 
PECVD process. In this experiment, CNTs were grown for 10 mins, 30 mins, 60 mins 
and 120 mins respectively. As indicated in Figure 5.10, the comb-like CNTs forests 
were grown on CC as long as 100 µm after 120 mins. The average lengths of CNTs 
for growth duration of 10 mins, 30 mins and 60 mins are found to be 10µm, 25µm 
and 48µm respectively. 
 
Figure 5.10 The SEM images of dense comb-like CNTs grown on CC after 120 mins 
at the magnification of 1000 and 100. 
Subsequently, every two layers of as-prepared CNTs-CC were impregnated in 
the middle of 22 mm-thick epoxy to form an abalone-shell-like composite for impact 
test, where samples were labelled as Sample 10 min, Sample 30 min, Sample 60 min 
and Sample 120 min according to their growth duration. 





Figure 5.11 The photos of the impact processes of projectiles on Sample 10 min, 
Sample 30 min, Sample 60 min and Sample 120 min recorded by high-speed camera, 
where the interval between each two adjacent photos is 150 µs. Each row of images 
describes the process of each sample from pre-impact to post impact in sequence. 
In Figure 5.11, impact processes of the 4 samples were recorded by a high-speed 
camera. Judging from the distinct breakdown phenomena, different failure 
mechanisms are triggered on these 4 samples. From the images of Sample 10 min, it 
can be observed that the bulk of the energy is absorbed and contained by the topmost 
epoxy layer. This results in the yielding of cracks permeating through the epoxy layer 
till it is inhibited by the CNTs-CC, as shown in Figure 5.12. On Sample 30 min, the 
same phenomenon can be observed as well. However the crack propagation through 
the material is minimal. The same residual velocities of projectiles imparted on 
Sample 60 min and Sample 120 min were recorded.  
Table 5.2 summarizes the kinetic energy change of the four samples through 
impact tests, where it can be found that the EA does not vary much with the length of 
CNTs. However, it is interesting to find that Sample 60 min does not crack to absorb 
kinetic energy of projectile to get the EA of 82.6%. According to Figure 5.13, the 
CNTs on carbon fibers of Sample 60 mins are fully immersed into epoxy, so it seems 





that force applied on the front surface of Sample 60 min was induced onto the CNTs-
CC. The SEM image (b) indicates fracture of CNTs is one of the failure mechanisms 
besides breakdown of epoxy. 
Sample vi (m/s) vr (m/s) Ei (J) Er (J) EA (%) 
Sample 10 min 156 66 16.4 3.0 82.1 
Sample 30 min 156 60 18.1 2.7 85.2 
Sample 60 min 156 65 18.1 3.1 82.6 
Sample 120 min 156 65 18.1 3.1 82.6 
Table 5.2 Impact velocity vi and residual velocity vr, impact kinetic energy Ei and 
residual kinetic energy Er of projectiles and EA of Sample 10 min, Sample 30 min, 
Sample 60 min and Sample 120 min respectively. 
 
 
Figure 5.12 The top view of Sample 10 min after impact test. 
In the second series, FCNTs-CC epoxy composites were tested by varying 
impact kinetic energy of projectiles. A single layer of CNTs-CC or its fluorinated 
counterpart was positioned underneath the front surface of 10 mm-thick epoxy 
composites. 





Figure 5.13 SEM images of broken surface after impact test of Sample 60 mins. 
From the white squared area in (a), the CNTs on carbon fiber are fully immersed into 
epoxy. The squared areas in (b) indicate fracture of CNTs is one of failure 
mechanisms. 
 
Figure 5.14 The SEM image of FCNTs-CC at a magnification of 5000. 
Figure 5.14 shows the SEM image of the top and sidewall of FCNTs on CC. 
Compared to the results in Figure 5.10, both the tip and body of CNTs are burnt by 
CF4 plasma, however, the main structure and density of comb-like CNTs forests keep 
remained. 






Figure 5.15 The cross-sectional view of CNTs-CC samples (left column) and 
FCNTs-CC samples (right column) imparted by projectiles with velocity of 105 m/s, 
160 m/s, 200 m/s and 222 m/s, where the interval between each two adjacent photos is 
150 µs. Each column of images describes the damage of each sample at different 
impact velocity of projectiles. 
 
Figure 5.16 Top view photos of FCNTs-CC epoxy samples impacted by projectiles 
with velocity of 105 m/s, 160 m/s, 200 m/s and 222 m/s (from left to right) 
respectively. 
Figure 5.15 and Figure 5.16 show the cross-sectional view and top view of post-
impact CNTs-CC samples and their fluorinated counterparts impacted by projectiles 




with velocities of 105 m/s, 160 m/s, 200 m/s and 222 m/s. Under the lowest impact, 
both CNTs-CC and its fluorinated counterpart can help epoxy prevent from being 
fragmented. However, crack is found longer in CNTs-CC epoxy sample compared to 
its fluorinated counterpart. As the velocity of projectile increases to around 160 m/s, 
fluorination seems not to be able to prevent crash of CNTs-CC epoxy composites. As 
summarized in Table 5.3, the EA of fluorinated samples are higher than their non-
fluorinated counterparts, which means fluorination does help in this circumstance.  
Spalling is another failure mechanism when velocity is beyond 160 m/s. the critical 
velocity to fail the sample should be between 105 m/s and 160 m/s. 
 
 
Impact Velocity EA of CNTs-CC (%) EA of FCNTs-CC (%) 
105 m/s (±0.5%) 68.3 69.6 
160 m/s(±0.5%) 81.5 85.3 
200 m/s(±0.3%) 90.9 91.6 
222 m/s(±0.2%) 93.4 91.3 
Table 5.3 The EA of CNTs-CC and FCNTs-CC under impartment by projectiles with 
impact velocity of 105 m/s, 160 m/s, 200 m/s and 222 m/s. 
5.4.2 Impact Resistance Properties of CNTs-Silicone Abalone-shell-
like Epoxy Composites 
In order to find out the anti-ballistic capability and the concentration effect of 
CNTs on impact resistance properties of epoxy composites, this session will consist of 
two parts.  
 






Figure 5.17 The photos of Sample 3% being impacted by projectiles with velocities 
of 104.1 m/s, 124.3 m/s, 132 m/s and 142.1 m/s, where the interval between each two 
adjacent photos is 150 µs. Each row of images describes the process of each sample 
from pre-impact to post impact in sequence. 
In part one, the silicone cushion layer of CNTs concentration of 3% (Sample 
3%) was embedded in the middle of 22 mm-thick epoxy composite. Thereafter, it was 
impacted by projectiles with four impact velocities of 104.1 m/s, 124.3 m/s, 132 m/s 
and 142.1 m/s, as shown in Figure 5.17. The same phenomenon having occurred at all 
impact levels is the back-layer epoxy remains intact and the front-layer epoxy is 




smashed. It is also found that there is no crack or any damage generated on the 
cushion layer. Therefore, it is believed that when projectile presses on the front layer 
of epoxy, the cushion layer stores certain amount of energy then released them to 
bounce off the projectile, which is determined by storage modulus. Meanwhile, there 
is another amount of kinetic energy transferred by cushion layer to other forms such 
as heat and/or sound, which is determined by loss modulus. Table 5.4 shows that the 
EA of Sample 3% rises up to 99.9%, as the impact velocity of projectiles increases to 
142.1 m/s. It is noteworthy that the residual velocity of projectile is only 5.1 m/s, 
which prevents a second impact damage. 
 Sample 3% 
vi 104.1 m/s 124.3 m/s 132 m/s 142.1 m/s 
vr 13.0 m/s 15.2 m/s 12.4 m/s 5.1 m/s 
EA 98.4% 98.5% 99.1% 99.9% 
Table 5.4 Summary of impact velocities, residual velocities and EA of Sample 3%. 
In our work, brittle front layer of epoxy absorbed kinetic energy of projectile by 
breaking down. Then the remaining energy was partially stored within CNTs-silicone 
cushion layer and partially transferred to other forms of energy, which results in 
insufficient energy to cause any damage on the back layer of epoxy. Superior anti-
ballistic products can be produced by utilizing this principle to attenuate incoming 
impact and remain back end safe at the same time.  
For part two, in order to study the concentration effect of CNTs in silicone, 22 
mm-thick pure epoxy sample (PE), pure silicone epoxy composite (Sample 0%) and 
CNTs-silicone  epoxy composites, which CNTs concentration ranged from 1% to 5%, 
were tested at the velocity of 132 m/s. The samples are labelled as PE, Sample 0%, 
Sample 1%, Sample 2%, Sample 3% and Sample 5%. Figure 5.18 integrates the 
storage moduli and the loss moduli of all samples in this series measured by DMA. 
The dynamic viscoelastic properties of silicone are effectively enhanced by CNTs 





content, where the storage modulus and the loss modulus of Sample 5% are 9 times 
and 3 times higher than those of Sample 0%. The trends of both storage modulus and 
loss modulus indicate that higher concentration of CNTs can increase the capabilities 
of silicone to store and dissipate energy. 
 
Figure 5.18 Graph of storage moduli and loss moduli of Sample 0%, Sample 1%, 
Sample 2%, Sample 3% and Sample 5% characterized at strain of 0.4% under the 
conditions of oscillation frequency of 200 Hz and at 25 oC. 
Figure 5.19 shows the photos of imparting processes of all samples. Table 5.5 
summarizes their EA. In PE, the crack induced by imparting projectile went through 
the whole sample, but the EA, 83.2%, is the lowest among all. Meanwhile, the EA of 
sandwich samples reveals a trend of increase as CNTs concentration increases. 
Sample 5% even has the highest EA of 99.34% among all samples. This super high 
efficiency of sandwich structure regarding EA has large potential to be applied in 
numerous anti-ballistic products such as protection shields of vehicles and personal 
body armours. 





Figure 5.19 High resolution photos of the imparting processes of PE, Sample 0%, 
Sample 1%, Sample 2%, Sample 3% and Sample 5%, where the interval between 
each two adjacent photos is 150 µs. Each row of images describes the process of each 









 PE Sample 0% Sample 1% Sample 2% Sample 3% Sample 5% 
vi 132 131.1 132.2 133.1 132 133 
vr 54.2 13.8 13.4 13.8 12.4 10.8 
EA 83.2% 98.89% 98.97% 98.92% 99.12% 99.34% 
Table 5.5 Summary of impact velocity vi, residual velocity vr and EA of PE, Sample 
0%, Sample 1%, Sample 2%, Sample 3%, and Sample 5%. 
During the impact tests, it is assumed that the absorption of kinetic energy of 
projectile is only done by the fracture of front-layer epoxy and lost in cushion layer. 
The energy stored by cushion layer can be fully recovered. Therefore, Equation (5.1) 
and Equation (5.2) are valid according to energy conservation.  
Ei=Ef+El+Er      (5.1) 
Er=Est      (5.2) 
where Ei, Ef, El, Er  and Est represent impact energy, energy absorbed by fracture of 
front-layer epoxy, energy lost in cushion layer,  residual energy within the system of 
projectile and target, and energy stored in cushion layer during impact test.  
Bringing Equation (2.20) into Equation (5.1) and (5.2), the percentage of energy 
absorbed by fracture of front-layer epoxy over the impact energy, Ef/Ei, can be 
determined by Equation (5.3) as below. 
𝐸𝑓
𝐸𝑖
= 1 − (1+2𝜋)𝑡𝑎𝑛𝛿
𝐸𝑖
   (5.3) 
After calculation based on the Equation (5.3), the Ef/Ei of all silicone epoxy 
samples is indicated in Figure 5.20. It is found that Sample 5% not only has the 
highest energy absorption among all samples, but also highest value of Ef/Ei. The 
percentage of energy absorbed by the front-layer epoxy increases with increasing 
concentration of CNTs in silicone, which means CNTs can trigger the front-layer 
epoxy to fracture more thoroughly to absorb more energy, thereby to save the back-
layer epoxy.  





Figure 5.20 The graph of Ef/Ei of all Sample 0%, Sample 1%, Sample 2%, Sample 
3% and Sample 5%. 
5.5 Summary 
In this chapter, preliminary results and systematic results are presented 
separately with novel findings and considerable discussion. 
In the preliminary session, 22 mm-thick pure epoxy and CC embedded epoxy 
composites were imparted by projectiles with velocity of 75.6 m/s and 230.7 m/s 
respectively. Interestingly, the kinetic energy of projectile is mainly absorbed by 
indent on pure epoxy sample, but by melting of epoxy on CC epoxy composites. The 
same impact tests were also carried out on sandwich silicone epoxy composites, 
where the EA and morphology of pure epoxy, Sample Pure, Sample 1 and Sample 3 
were compared. Sample 1 has the highest EA of 99.1% due to high efficient sandwich 
structure and failure of silicone. However, there is no obvious enhancement on EA 
from the contribution of CNTs. Last but not least, higher content of CNTs does not 
necessarily imply higher EA during impact test in this work. 
In the systematic study, the growth duration effect of CNTs and the fluorination 
effect of CNTs-CC on impact resistance properties of CNTs-CC epoxy composites 
were firstly studied. It is found that the growth duration of CNTs plays a role in 





redistributing energy from the impact such that the CNTs-CC sandwich layers have 
no cracks induced after impact. CNTs-CC with an ultra long growth time of 120 mins 
was treated in CF4 plasma for 30 mins. The comparison made before and after 
fluorination indicates that EA during the impact test hardly differentiates. 
Subsequently, CNTs mixed into silicone matrix with mass concentration of 1%, 2%, 
3% and 5%, to form the middle of the sandwich CNTs-silicone epoxy structures. The 
impact tests results confirm that EA increases as velocity of projectile increases. 
Silicone without CNT reinforcements are found to be generally weaker and 
disintegrated on impact. All CNTs-silicone samples have very high EA, up to 99.9%. 
SEM and DMA results of CNTs-silicone indicates that various levels of interlocking 
between CNTs and silicone thus modifying the storage and loss modulus of the 
cushioning soft layers. That also explains the difference in the failure mechanisms and 
EA among different samples. 




6 Conclusion and Future Plan 
6.1 Conclusion 
There are two primary goals of this work. The first is to investigate the effect 
of fluorination of ZnO/CNTs nanocomposites and its effects on the field emission 
performance. The second is to study the effect of fluorination of CNTs-CC and 
other alternatives to improve impact resistance properties of abalone-shell-like 
samples as a whole. In order to achieve the aforementioned goals, two paralleled 
series of experiments were conducted.  
In the first series of experiment, two types of CNTs were grown on silicon 
substrates. They were S-MWNT films and VACNT films. S-MWNTs were 
fabricated using C2H4 as precursor at 750 oC by TCVD, while VACNTs were 
fabricated using C2H2 as feed gas at 700 oC by PECVD.  
Thereafter, MoOx-ZnO thin film was coated onto as-prepared VACNTs. The 
results show that MoOx-ZnO as WBS can efficiently lower the threshold fields of 
VACNTs. Meanwhile, ZnO was attempted to be coated on both S-MWNTs and 
VACNTs for 20 mins at 0.01 Torr by RF sputtering machine. Judging the 
morphology from SEM images, ZnO/VACNTs samples were chosen to be 
fluorinated by CF4 plasma at various RF etching power and duration of RIE 
machine in order to study their FE properties. In the study of RF etching power 
effect, it is found that all fluorinated samples have lower threshold field than that of 
pristine VACNTs and ZnO/VACNTs, among which Sample 30 w has the lowest 
threshold field of 2.6 V/µm. While in the study of duration effect, Sample 30 mins 
has a threshold field of as low as 2.1 V/µm. Based on the analysis of results of 
SEM, Raman and XPS, the enhancement of FE property is believed to be attributed 




to extra electrons in ZnO coating resulting from increasing Zn-F bond and 
decreasing Zn-O bond as well as defects or amorphous carbon on sidewall of 
VACNTs. 
In the second series, abalone-shell-like CNTs reinforced epoxy composites 
were synthesized in a feasible way at ambient circumstances. Before systematic 
study of abalone-shell-like CNTs reinforced epoxy composites, CC embedded 
epoxy composite and CNTs-silicone epoxy composites were tested out in He gas 
gun system, where failure mechanisms were considerably discussed. It is 
interesting to find that compared to post-impact indented pure epoxy sample, CC 
embedded epoxy composites absorb kinetic energy of projectiles in the form of 
self-melting. Meanwhile, 10 mm-thick abalone-shell-like CNTs-silicone epoxy 
samples were compared with their pure silicone counterparts. The sandwich 
structure is extremely efficient in terms of EA, where the highest EA of 99.1% 
belongs to Sample 1. The SEM images of Sample 1 and Sample 3 reveal that CNTs 
of high density are immersed into silicone and the failure of cushion layer occurs 
inside silicone instead of interface between CNTs and silicone. In the systematic 
study, growth duration effect of CNTs and fluorination effect of CNTs-CC are 
firstly investigated. CNTs fabricated by various growth durations were deposited 
on CC by controlling growth time in PECVD, then, embedded into epoxy. The 
results show that Sample 30 mins has the highest EA of 85.2% which is attributed 
to the enhancement of bonding between carbon fiber and epoxy thanks to massive 
CNTs. Continuously, CNTs-CC with an ultra long growth time of 120 mins was 
fluorinated by CF4 for 30 mins. However, after carefully comparison, EA during 
the impact test can hardly differentiate. On the other hand, sandwich CNTs-silicone 
epoxy samples were made with CNT mass concentration of 1%, 2%, 3% and 5% 




and tested by the same He gas gun system. Silicone without CNT reinforcements 
are found to be generally weaker and disintegrated on impact. Furthermore, 
capacity of impact resistance of abalone-shell-like epoxy composites increases as 
CNT concentration increases. The SEM results of CNTs-silicone indicate that 
various levels of interlocking between CNTs and silicone. In addition, DMA results 
and the calculation based on them reveal that CNTs concentration not only tune the 
storage and loss modulus of the cushioning layers, but also can trigger mode of 
energy absorption in the impact test. That also explains the difference in the failure 
mechanisms and energy absorption among different samples. 
The primary contribution of this work is that it has revealed the field emission 
mechanisms of CNT composite emitters by considering etching power and duration 
of fluorination process and failure mechanisms of abalone-shell-like pure and 
FCNTs epoxy composites. To my best knowledge, fluorination of ZnO/CNTs field 
emitters and abalone-shell-like CNTs-CC/CNTs-silicone epoxy composites impact 
resistance materials were not studied yet. From the field emission perspective, this 
study may serve as a guideline in the development of ZnO/CNTs materials for 
various applications by identifying the key parameters of fluorination. From the 
impact resistance perspective, results of growth duration effects and fluorination 
effects of CNTs-CC may provide new angles to better understand the impact 
failure mechanisms of CC epoxy composites, thereby to widen the applications of 
CNTs-CC epoxy composites. In addition, this work may contribute to the design 
and fabrication of super-efficient impact resistance products with low cost, which 
may be alternatives to current commercial market, by studying CNTs concentration 
effects of abalone-shell-like CNTs-silicone epoxy composites. 




6.2 Future Plan 
This work focuses on fluorination of CNT composites in two distinct 
applications, field emission and impact resistance. Direct extensions of current work 
can be future studies to better understand physics of phenomena and fabrication 
parameters of materials. 
First, flow rate of CF4 in RIE process can be investigated in the future to 
complete the optimization of fluorination process of ZnO/VACNTs field emitters. In 
this dissertation, both power effect and duration effect of fluorination on 
ZnO/VACNTs by RIE method have already been focused, therefore the study of 
another main factor during the process, flow rate of CF4, is speculated to further 
enhance FE properties of ZnO/VACNTs. In the end, the most optimum parameters 
are expected to be determined after complete studies of three main factors of 
fluorination process.  
Second, further study of fluorination of CNTs-silicone abalone-shell-like epoxy 
composites on impact resistance properties is speculated to help design and fabricate 
stronger anti-impact materials with higher efficiency of EA. As proven in this work, 
abalone-shell-like silicone epoxy composites are highly efficient in EA and CNTs in 
silicone play an important role to modify storage modulus and loss modulus. 
However, fluorination of CNTs in silicone was missed in this work. A better 
interaction between CNTs and silicone is promising to provide better viscoelastic 
properties of CNTs-silicone cushion layer. Ultimately, findings form these studies are 
expected to be brought to actual applications for personal and public safety. 
In summary, there are still many issues to be addressed before fluorination of 
CNT composites can be practically employed. However, great progress obtained in 




related areas in past decades can help this important class of materials to be 
commercialized in diverse applications in near future.  
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